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ERRATA and ADDENDA 


The following additions and corrections should be made in the indi- 
cated papers and reports of Proceedings V. 55, July 1958 through June 
159. 


Title No. 55-2 “Recommended Practice for Design of Concrete Pavements (ACI 
325-58)” 


p. 39—Eq. (13) should read: 


Title No. 55-10 “Pressures on Formwork” 
p. 189—The equations in the middle of the page should read: 


p= (14+"p") 


and 
60R 
(0) == 11D) (1 + ) 


% * ok a 


Title No. 55-16 “Origin, Evolution, and Effects of Air Void System in Concrete. 
Part 2—Influence of Type and Amount of Air-Entraining Agent” 


p. 271—First line of type above Fig. 6 should read in part, “Fig. 6 shows the 
correlation between L and.. .” 


Title No. 55-29 “Folded Slab Construction” (see p. iv) 


%* * bo * 


Title No. 55-59 “Commentary on Concrete” 


p. 928—Reference is made to the Dome of the Public Library in Melbourne 
and attributes its design to John Monash. Our attention has been called to the 
fact that while a design was made by Sir Monash, it was not used. The structural 
design should be attributed to Trussed Concrete Steel Co., London. 


* * * % 


Title No. 55-62 “Role of Cement in the Creep of Mortar” 
p. 970—In Table 3, column headed “120 days, Cin” under “Stress of 2150 psi” 
for Cement No. 11, change 58 to 48. 


p. 975—In Table 7, co‘'umn headed “28-day cylinder strength, psi” for Cements 
_ 2, 2A, and 2B, change 5350, 5400, and 5120 to 3770, 4000, and 3900, respectively. 


p. 977—The last sentence of the fifth paragraph from the top of the page 
should be corrected, in part, to read “...usual range of working stresses.*” 
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Title No. 55-29 “Folded Slab Construc- 
tion” 
The accompanying illustrations re- 
present an addition to the paper. These 
_drawings show two cross sections of 
the assembly hall described at the bot- 
tom of p. 459. The folded slab not only 
forms the roof in this construction, but 
it is carried around the side elevation 
and in fact replaces a rigid frame. Be- 
cause of headroom it is carried down 
only to a height of 6 ft 8 in., with the 
vertical portion of the frame carried 
through to the bottom, and made rigid 
enough to take the bending moments 
-caused by the horizontal thrust. 


GROUND _SLAB__ 
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Dise. No. 55-62 “Role of Cement in the Creep of Mortar” 


p. 1558—The first sentence of the second paragraph should read, in part, 
“Tensile strength, o,, of concrete rings subjected to restrained shrinkage, 6, was 


determined; ...” 


p. 1559—In the next to last line «. should read ©. 


.. 


Title No. 55-71 “Cylindrical Shell Analysis Simplified by Beam Method” 


p. 1185—add the following to the Notation: 
p = load per sq ft of roof surface for dead load 
= load per sq ft of horizontal projection for uniform load 
w = load per longitudinal foot of shell 
= 2pp. r¢x for dead load 
= 2pur rsingx for uniform load 


p. 1189—in Eq. (15), 3.030 should be 3,030. 
p. 1190—in Eq. (16), 3.030 should be 3,030. 
p. 1191—in Fig. 9, the scale for Ty should be 6, 4, 2, 0, 2, 4 instead of 3, 2, 1, 0, 1, 2. 


a 3% & * 


Title No. 55-79 “Effect of Powdered Minerals and Fine Aggregate on the Drying 
Shrinkage of Portland Cement Paste” 
p. 1306—For the reference in the last line read 15 instead of 13. 
p. 1315—The formula under the figure should be corrected to read 
logAS'o-r = logAxXo-z + a’R + b’ 
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Title No. 55-1 


Test Procedure to Determine Relative Bond Value 
of Reinforcing Bars (ACI 208-58)* 


+ eis 


Reported by ACI Committee 208 


C, P. SIESS 
Chairman 
ARTHUR P. CLARK** Rei@ REESE 
PHIL M. FERGUSON DAVID WATSTEIN 
ie GILKEY, A. C. WEBER 
W. H. JACOBS Cc. A. WILLSON 
“BE SYNOPSIS 


This test procedure provides a uniform basis for comparison of bond qualities 
a ‘of different reinforcing bars. The recommended test method uses com- 
: panion beam type specimens, cast horizontally in inverted and normal positions 
so that the effects of water gain and settlement of concrete are included in the 
evaluation. The concrete surrounding the bars is in tension as bars are 
ordinarily used, which makes the results more acceptable to some users. 
Minimum criteria for acceptance are not included since the purpose is merely 
to establish relative bond values for the different bars under consideration. 


The test may be used to evaluate the effectiveness of deformed bars having 
characteristics other than those described in “Tentative Specifications for 
Minimum Requirements for the Deformations of Deformed Steel Bars for 
s Concrete Reinforcement,’ ASTM A 305-56T. For construction under the 
ae ACI Building Code, an evaluation of such bars is necessary since the code 
= definition for a deformed bar is one which meets the requirements of ASTM 
ae A 305. Manufacturers of bars meeting the requirements of ASTM A 305 may 
Bec ‘use the test procedure for product improvement and to evaluate modifications 
in the design of deformations. 


as INTRODUCTION 

Previously published identically as information,f this test procedure had a 
thorough workout through its use in extensive testing programs culminating 
in the evolution of specifications covering minimum geometric requirements. { 


a _Aeceptance by the ACI Building Code committee§ of the ASTM A 305 defini- 
- tion of a deformed bar produced an immediate drastic change in both structural 


Bos *A dopted asa standard of the American Concrete Institute at its 54th annual convention, Feb. 25, 1958, as reported 

' -by Committee 208; ratified by letter ballot June 1, 1958. Title No. 55-1 is a part of copyrighted JoURNAL Or THE 

American Concrete Institute, V. 30, No. 1, July 1958, Proceedings V. 55. Separate prints are available at 50 

; cents each to ACI members ($1.00 to nonmembers). Discussion (copies in triplicate) should reach the Institute not 

 _ Jater than Oct. 1, 1958. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. : 

a +ACI JourNAt, Feb. 1945, Proc. V. 41, pp. 273-292; discussion, Noy. Supplement 1945, Proc. V. 41, pp. 292-1 to 
8 


- " $ASTM Designation A 305. ee Z 
_ §ACI Committee 318, ‘Building Code Requirements for Reinforced Concrete (ACI 318-51), ACI JourRNat, 
Apr. 1951, Proc. V. 47, pp. 589-652. 
= = **Deceased.. 
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and general practice, resulting in the almost immediate disappearance of old- 
style nonconforming deformed reinforcement. 


Background considerations involving alternative possibilities, controversial 


aspects, and special credits due to individuals and organizations are covered in 
the foreword and discussions that accompany the 1945 publication of the 
test procedure. * 


BEAM SPECIMENS 


1. There shall be 18 beam specimens, the details of which are shown on 
the accompanying Drawings 1 and 2.+ 

2. The nine A, B, and C specimens (three for each length of embedment) 
shall be cast erect as shown. The nine AA, BB, and CC specimens shall 
be cast inverted. 


CONCRETE 


3. The concrete shall have a slump of 5 to 6 in. in the standard slump 
test, and an ultimate strength of 3500 psi (plus or minus 300 psi) at age 
of 28 days. Preliminary tests shall be made to determine the proportions 
of the prescribed materials required to develop this ultimate strength. The 
cement shall be equal parts by weight of four standard brands of Type I 
portland cement. The fine aggregate shall be natural sand well graded 
from 0 to No. 4 sieve. The coarse aggregate shall be gravel, all of which 
shall pass either a sieve having 34 in. square openings or a screen with 1 in. 
diameter openings. All materials shall conform to ASTM standards. 


BARS 


4, The deformed or plain bars to be tested for bond shall be nominally 
% in. in diameter. The weight shall be measured and reported in lb per ft 
to the nearest 0.01 lb. In the interest of uniformity and simplicity, values 


for tensile stress, yield point, bond stress, and modulus of elasticity will be — 


calculated on the basis of the cross-sectional area and the perimeter listed in 
handbooks for a plain round bar of the same nominal diameter. Specifically 
the cross-sectional area of a 7%-in. deformed or plain bar (meeting ASTM 
requirements for weight tolerances) will be taken as 0.60 sq in. and the peri- 
meter as 2.75 in. 


5. The pull at yield point and the relation between pull on bar and elonga- : 


tion shall be determined from several typical samples of each design of bar. 


This relation will serve to indicate the pull on bar at various stages of the test — 


from the strain measurements to be made at the sides of the bar at notches 
cast in the beam specimens. 
6. The bars submitted for test shall be representative of the product of the 
mill which submits them, and shall not be given any treatment to produce 
*ACI Journat, Feb. 1945, Proc. V. 41, pp. 273-277, and Nov. Supplement 1945, Proc. V. 41, pp. 292-1 to 292-8, - 


+The 11 drawings, pp. 6-16, which constitute an important part of th t proced i i 
prints (22 x 35 in.) in complete sets only at $36.00 per see thorn ACI hoatanehenele Se eee 
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BOND TEST PROCEDURE 3 


an abnormal surface. The surface of all bars, however, shall be thoroughly 
cleaned with naphtha or carbon tetrachloride just before insertion in mold 
to remove all oil or grease and any other foreign matter. If, in any case, 
there is a question as to whether the bars submitted are truly representative, 
new samples shall be selected for the tests by an experienced disinterested 
inspector. 


MOLDS AND ASSEMBLIES 


_ 7. The mold shall be of metal, and shall be coated to prevent adhesion 
to the concrete and sealed to prevent leakage. The mold assembly is shown 

in Drawing 4 and the exterior parts of mold are detailed in Drawing 5. Two 
notches 6 in. long and 3 in. high shall be cast in all beam specimens, as shown 
in Drawings 1, 3, and 4, and the insert for these notches shall be as detailed 
in Drawing 6. 

8. Details of the main reinforcing bar and stirrup assembly ready for 
installing in the mold are shown in Drawings 10 and 11. 

9. The %-in. bar shall be so placed in the mold that the parting line of its 
deformation pattern (that is, the parting line of upper and lower halves of 
bar as rolled) shall come at the sides (see detail, Drawing 4). The 3-in. 
extensions of the bar beyond the center lines of the reactions shall be covered 
with a rubber sleeve so as to insure no bond. The stirrups shall be %-in. 


a round deformed bars, furnished by the maker of the %-in. bars to be tested, | 


o 
> 


ee 
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and shall be welded into loops as shown in Drawing 11. All steel reinforce- 


_ ment shall be rigidly held in place in the mold (see Drawing 4). 


10. Within the length of each notch, two yokes, similar to those shown in 
_ Drawing 3 and detailed in Drawing 7 shall be clamped into carefully drilled 


— contact points on 5-in. centers on each side of the bar. These points shall be 


so located (by means of the jig detailed in Drawing 10) as to make the two 
yokes as nearly parallel as is practicable. ‘The pull or the fiber stress in the 
bar shall be determined from the average of the change in distance between 


the two yokes. 


CASTING, REMOVAL OF FORMS, CURING 


11. The three identical specimens representing one length of embedment 
of a given bar shall be made on different days to average minor differences 
in the mix and other variables. The concrete shall be deposited in two layers 
and each layer shall be sliced and rodded to insure complete contact with the 


a steel reinforcement. Immediately after placing, the concrete should be 


' struck off level with the top edge of the mold with a minimum of disturbance. 
~The specimens must not be exposed to any vibrations or other disturbances 
during the first 24 hr after casting. | 
12. At least three standard 6 x 12-in. cylinders for compression tests shall 
be made from the various batches of concrete mixed for each beam, one cylinder 


from any one batch. 


“yi ee 
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13. After preliminary curing in the mold for 5 days and removal of molds 
as indicated below, the beam specimens and cylinders shall be stored in a 
standard fog room at a temperature of 65 to 75 F and tested moist at age of 
28 days. While in the molds the beams and cylinders shall be protected against 
loss of moisture from the concrete. 

14. To avoid damaging the beam specimens the sides and ends of the molds 
and the tapered inserts shall not be removed earlier than 5 days after placing 
the concrete. Care shall be exercised to avoid damaging the green specimens 


during removal to moist room. To this end it is recommended that the beams ~ 
be placed on stiff wood planks or equivalent supports during trucking opera- — 


tions. The pieces forming the notches in the beam are to be withdrawn at the 
end of the 5-day period in the manner shown in Drawing 6. 


TESTING 


15. The sides of the specimen shall be whitewashed about 2 hr before test 
and allowed to dry so that the sequence and development of cracks may be 
easily marked by pencil lines which will be visible on any photographs taken 
after test. 


16. Loads shall be applied through rollers or rockers. The beams shall 


_ rest on rocker or roller supports to avoid restraint to elongation of bottom 


fibers of beam as load is applied. The apparatus for supporting and applying 
load to beam specimen is shown in Drawing 3 and detailed in Drawing 9. 


17. A reference steel angle clip shall be screwed to the concrete of the 
_ beam sides as near as is convenient to the notch and on the reaction side of 
the load as shown in Drawing 3 and detailed in Drawing 7. Between this 
_ angle and the nearer extensometer yoke the slip of bar immediately under 
the load shall be measured. This slip will be designated the slip at “loaded” 
end of bar. 


18. The slip of bar at end of beam shall be measured in the manner shown — 


in Drawing 3 with the gage detailed in Drawing 7. This slip will be designated 


. as the slip at “free” end of bar. 


19. The deflection at center of the beam shall be measured in the manner 
_ shown in Drawing 3 with the apparatus detailed in Drawing 8. 


_ 20. The rate of load application during the beam tests shall not be greater 
than 2000 lb per min nor greater than is consistent with securing reliable 


Z test data. Readings may be secured for continuous application of load if — 


+43 available manpower permits. With a shortage of observers it may be prefer- 
able either to stop the machine for securing readings at each increment of 


load or not to stop the machine but to read only half the gages as a given 
load is passed; reading the other half of the gages at the next increment. 
When readings are staggered in this manner the indications of corresponding 

pairs of gages on opposite sides of the beam should be noted simultaneously — 


as in the case of gages indicating slip and strain at a given notch. 
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BOND TEST PROCEDURE 5 


21. Load shall be applied to failure, and the report shall state whether 
failure of the beam was due to failure in bond, diagonal tension, failure of | 
bottom bar in tension or of top concrete in compression, or by splitting of 
concrete as a result of failure in bond. Cracks due to settlement of concrete 
will normally occur in the top surface of the beam specimens AA, BB, and 
CC cast inverted. These should be noted and diagrammed for later reference. 
22. Readings of slip at both free and loaded ends of the bar, of pull in the 
bar, and of deflection of the beam at center shall be taken in such number 
(preferably not less than 15) as to give smooth curves in graphical representa- 
tions of the test data. 


REPORT 


23. Curves showing slip of bar shall have the amounts of slip as abscissae, 
and the beam loads, pulls or fiber stresses in bar, unit bond stresses, and values 


- of u/f.’ as ordinates. The unit bond stress u is the value obtained by dividing 


the indicated pull on the bar in pounds (from strain measurements) by the 
area in bond. The area in bond is obtained by multiplying the nominal 
perimeter of 2.75 in. for the 7%-in. diameter bar (see Paragraph 4) by the 
effective length of embedment (8, 12, or 16 in.). Load-deflection curves 
shall show the amount of deflection as abscissae and beam loads as ordinates. 

24. The report shall contain a detailed description of the testing setup, — 
and of all devices and measuring instruments employed. 


Discussion of this report should reach ACI headquarters in tripli- 
cate by Oct. 1, 1958, for publication in the March 1959 JourRNAL. 


See Drawings 1-11 on the following pages: pp. 6- 
16. Blueprints (22x 35 in.) of the 11 drawings 
are available in complete sets only at $36.00 per 
set from ACI headquarters. 
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BOND TEST PROCEDURE 
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Finished length 7014 24 
Arc weld in jig detailed on this drowing ta 


F plain 1d bor support. Turn ends to 
th and round corners with file 


Butt weld loops 
about here 


et 
a ° 
— ~ $d. det bor 
\ approx % dio. 


over lugs 


Are weld % dic. rod to both sides of eoch set 
of loops to stiffen assembly 


‘A dio. rod is accurotely centered 
‘ond welded across each end loop to 
old stirrup assembly in center of 


aa DETAILS OF STIRRUP ASSEMBLY 
For a given length of embedment the stirrup assembly is identical whether the *, 
beom specimens are cost erect or inverted. The number of loops of eoch end vories” ~ 


with the embedded length of the deformed bar under test os indicoted above 


x12" cold fin flat. Drill ond top for da 
ie Hd. Mach. Se. with $-20-NC-2 ou 


Mill Slot & wide x} deep 
and cut off corners on all 
End and Int, Support Plates 


mans oe eregsnecaswcncstnens Sasases eras! 


* 7 ‘ weg Se 
; Sor : on Cn euengnciae see ee ‘SUPPORTING BAR OF STIRRUP ASSEMBLY a, 
¥ o 1G" resting on bave of jig to support each set of loops until #"bar sup~ 4 : 
= < Port is in place between end brockets of jig. foword center 2 

‘ee will drop into normal position oe sang eh en vers pis bey ar { 


ae Dwg. 11—Details of stirrup assembly and jig for holding 
i loops during welding to horizontal supporting bar 
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Recommended Practice for Design of Concrete 
Pavements (ACI 325-58)* 


Reported by ACI Committee 325 
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B: LEO M. ARMS L. A. PALMER 
; JOHN A, BISHOP G. S. PAXSON 
e: FRANK B. BROWN THOMAS B. PRINGLE 
ae BENGT F. FRIBERG Lew TELLER 
A. T. GOLDBECK WILLIAM VAN BREEMEN 
ROBERT HORON JEFF KENNETH B. WOODS 
J. D. LINDSAY F. N. WRAY 
SYNOPSIS 
; : Recommendations are presented for the design of rigid concrete pavements 


and bases based on practice proved successful in the United States. It offers 
comprehensive directions to design rigid airport and highway pavements or 
: bases for conditions of climate, traffic, available construction materials and 
e equipment, and construction methods of the United States. It includes 
recommendations for soil foundations, selection of slab dimensions, joints, 
and details, for reinforced or nonreinforced pavement. Recommendations for 
design of cement-stabilized bases, continuously reinforced pavement, pre- 
stressed pavement, and rigid resurfacings are not included since their use has 
not yet developed a generally applicable practice. Design practices of all 
principal state and federal agencies concerned with paving have been reviewed 
and related within the limits recommended. 


CHAPTER 1—INTRODUCTION 
~100—General notation 


- A, = area of steel required per ft width ff,’ = ultimate bearing stress of concrete, 
of pavement or joints, sq in. psi 
_ E, = modulus of elasticity of concrete, psi f,’ = ultimate compressive strength of 
EB, = modulus of elasticity of steel, psi concrete, psi 
= coefficient of friction between slab f, = allowable tensile stress in steel, psi 
and subgrade fi’ = ultimate tensile strength of concrete. 
fo = allowable concrete bearing stress, psi at time of cracking, psi 


é *Adopted as a standard of the American Concrete Institute at its 54th annual convention, ‘Feb. 25, 1958, as 
' reported by Committee 325; ratified by letter ballot June 1, 1958. Title No. 55-2.is a part of copyrighted JouURNAL 
‘or THE AmmRIcAN ConcrerT Institute, V. 30, No, 1, July 1958, Proceedings V. 55. Separate prints in covers 
are available at 50 cents each to ACI members ($1.00 to nonmembers). Discussion (copies in triplicate) should 
reach the Institute not later than Oct. 1, 1958. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. 
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MR = modulus of rupture, psi a = radius of a circular area equal to 
f: = allowable tensile stress in concrete, that of the actual area of contact of 

psi a single tire with pavement, in. For 
FS = factor of safety dual tires, a is the radius of a circle 
G = modulus of support of the concrete of area equal to the sum of the areas 

mass, lb per cu in. of contact of the two tires plus the 
h = pavement thickness, in. area between them, assuming that 
I = moment of inertia, in.‘ the contact area of each is circular. 
k = modulusof foundation supporttoslab, 1 = radius of relative stiffness, in. 

lb per cu in. u = allowable bond stress between con- 
L = length of slab between joints, ft crete and steel, psi 
L' = distance between the jointin question w = weight of the pavement slab, psf 

and the nearest free joint or edge, ft u = Poisson’s ratio (for concrete assume 
p = subgrade support reaction under the p = 0.15) 

slab, psi Z = slab ) deflection, positive downward, in. 
P= wheel load, lb a, =av2 


101—General scope 


This report presents recommended practice for the structural design of 
concrete pavements for highways and airports. It includes recommendations 
for subgrades and subbases in relation to their effect on the structural design 
of the pavement. Recommendations are presented for the design of slab 
dimensions, for the design of joints and joint details, and for the design of 
steel reinforcement. The report is intended for use in conjunction with 
“Specifications for Concrete Pavements and Concrete Bases” (ACI 617). It 
covers both nonreinforced and reinforced pavements but offers no recommenda- 
tions for continuously reinforced pavements nor for concrete resurfacings. 


102—General definitions 


Concrete—A mixture of cement, fine aggregate, coarse aggregate, and 
water, which may include an approved admixture. 

Concrete pavement—A rigid slab or series of slabs of portland cement type 
concrete, cast on a native soil subgrade or on a prepared subbase, generally 
exposed to weather; and designed to support traffic loads. 

Crack—A permanent fissure or open seam within a concrete pavement 
at which tensile stress in the concrete has exceeded the tensile strength of 


- the concrete. 


Deformed bar—A reinforcing bar conforming to “Specifications for Minimum 


Requirements for the Deformations of Deformed Steel Bars for Concrete — 


~ Reinforcement”? (ASTM A 305). Bars not conforming to these specifications 


should be classed as plain bars. 


J oint—The constructed junction of adjacent slabs interrupting the con- 
tinuity of the pavement. 


Reinforcement—Steel embedded in a concrete pavement to insure intimate _ 


contact of adjacent slab faces. at cracks. 


Slab—For design purposes, a ‘monolithic portion of concrete pavement, 
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bounded by joints or edges, within which continuity of tensile stress in the 
concrete is possible. 
Slab length—Slab length in an uncracked pavement is the distance between 
adjacent transverse joints of any kind. 


Subbase—Subbase, when used under a rigid pavement, refers to a relatively 
thin layer of selected or specified materials of a prescribed thickness placed 
between the subgrade and rigid pavement for such purposes as improvement 
of drainage, reduction in frost damage, prevention of pavement pumping, 
or moisture control of high volume change subgrade soils.* 


Welded wire fabric—A two-way reinforcement system, fabricated from 

cold-drawn steel wire, having parallel longitudinal wires welded at regular 

: intervals to parallel transverse wires and conforming to “Specifications for 

tl Welded Steel Wire Fabric for Concrete Reinforcement” (ASTM A 185 and 
AASHO M 55). 


103—Reference specifications cited in this recommendation 
(a) The standard of the American Concrete Institute listed below (with 
a serial designation including the year of latest revision) is declared to be a 
- part of this recommendation, the same as if fully set forth elsewhere herein: 
— “Specifications for Concrete Pavements and Concrete Bases” (ACI 617). 


(b) Further references which discuss the purposes and intentions of this 
recommendation and which set forth research data and theoretical con- 
siderations and derivations justifying this recommendation are the following 
separately published reports of the four subcommittees of Committee 325: 


1. Subcommittee I, ACI Committee 325, “Considerations for Construction of 
Subgrades and Subbases for Rigid Pavement,” ACI JouRNAL, Aug. 1956, Proc. V. 53, 
pp. 145-155. 
~ 2. Subcommittee II, ACI Committee 325, “Considerations in the Selection of 

Slab Dimensions,” ACI Journat, Nov. 1956, Proc. V. 53, pp. 433-454. 

3. Subcommittee IIT, ACI Committee 325, “Structural Design Considerations 
for Pavement Joints,’ ACI JournaL, July 1956, Proc. V. 53, pp. 1-28. 

4. Subcommittee IV, ACI Committee 325, “Design Considerations for Concrete 
Pavement Reinforcement for Crack Control,” ACI Journat, Oct. 1956, Proc. V. 53, 


pp. 337-362. 


104—Materials and tests 

All materials to be used in constructing the subgrade, subbase, and the — 
concrete pavement should conform to the requirements of ‘Specifications for 
Concrete Pavements and Concrete Bases” (ACI 617). 


a 


= Ys" 


CHAPTER 2—CONCRETE PROPERTIES AND ALLOWABLE STRESSES 


201—Concrete properties 
* Concrete properties as specified in “Specifications for Concrete Pavements 4 
and Concrete Bases” (ACI 617) should be the minimum required. 

- wThis definition of subbase, for purposes of pavement. design, includes both subbases and soil-aggregate base 


courses as defined for specification purposes in “Specifications for Concrete Pavements and Concrete Bases” 
-. (ACI 617). 
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202—Allowable unit stresses in concrete ; 
(a) The unit stresses in pounds per square inch in concrete to be used 
in design of concrete pavements should not exceed the following values: 
f, = 0.50 MR : ; 
u = 0.10 f.’, but not more than 350 psi for deformed bars or welded wire fabric 
u = 0.045 f.’, but not more than 160 psi for plain bars 
(b) The unit bearing stresses in pounds per square inch in concrete 
under dowels to be used in design of concrete should not exceed the values 


in Table 202(b). ; 


TABLE 202(b)—ALLOWABLE UNIT BEARING STRESSES IN CONCRETE UNDER DOWELS 


ee 


Dowel diameter, in. fo, psi 
34 3200 | 
% 3100 
1 3000 ; 
1% 2900 
14 2800 . 
1% 2650 
1% 2500 
2000 
- 
- 203—Allowable unit stresses in steel <i 


| - pavements should not exceed the following values: 


: 301—Definitions 


The unit stresses in pounds per square inch in steel for use in concrete - 


Type and grade of steel Minimum yield point, psi fa, psi 
a ————————————————————————— 
Billet and axle steel, structural grade... .........6.0..0 sees 83,000 nwa. are 22,000 
Billet and axle steel, intermediate grade. ..............0005 20.000. eae ake 27,000 
Rail steel or billet and axle steel, hard grade..............-. 60,000 .6avc pees 33,000 “ 
MeCN ECL MALT UENO Sty - Cast ceri Rules A ant ciate clare tote Siete Coe ae 56 O00 bcs custom 37,000 Z 
2 Victnie stile el (PRR Ml ik Led Selle AAA re ie a ceeaie cad ihe GE hie cath 5 Se 


CHAPTER 3—SUBGRADES AND SUBBASES 


Drainage—Drainage is the control of water accumulations on or in sub- 
grades or subbases as necessary to insure satisfactory performance of the 
pavement. 

Filter course—A subbase graded so that underlying fine-grained subgrade 


- soils are prevented from penetrating any appreciable distance upward into 


this layer thus preventing detrimental subgrade pumping. 
Frost action—Frost action in soil is a phenomenon involving freezing, 


- thawing, and movement of moisture in soil, and consequent changes in its 


physical properties. 
Frost heave—Frost heave is the surficial expression of the volume changes 


which take place when (1) soil water is frozen and (2) ice lenses form within ~ a 


the zones of freezing. 
Frost-susceptible soil—Material possessing sufficient permeability and a 
relatively high degree of capillarity such as silts and varved clays. 


we 
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Pumping—Pumping in a concrete pavement is a process in which the sub- 
grade soil and water form a suspension which is forced to the surface at the 
edges, cracks, and joints of the pavement under traffic loads. 

Shrinkage and swelling—These phenomena represent one portion of the 
general category of volume change in soils and are caused by varying soil 
moisture contents. 


302—Pavement pumping 

Pumping occurs at or near joints and cracks and along the edges of con- 
crete pavement, and may be recognized by soil stains on the pavement and 
soil-water slurries at pavement edges. Three factors are essential to pump- 
ing: (1) free water must be present beneath the slab; (2) axle loadings must 
be heavy and frequent; and (3) the subgrade soil must be capable of going 
into suspension. If any one of the foregoing factors is absent, pumping will 
not occur. Breaking of pavements will result from continued pumping. 

The use of granular materials as relatively thin subbases, when designed 


as a filter course, the use of selected soils and granular materials as thicker 


subbases, or selected soils and granular materials stabilized with a cementing 
agent are effective methods of preventing pumping on new construction. 
Pumping may also be minimized through the use of adequately designed 


- load-transfer devices which reduce pavement deflection and prevent faulting, 


and through the use of adequate reinforcement. 


303—Subbases 


(a) Subbase functions 
1. The subbase for a rigid pavement is a compacted layer of planned 


- thickness that is placed immediately under the pavement and on the sub- 


grade to serve one or all of the following functions: 

a. To provide uniform, stable, and permanent support for the pave- 
ment. 

b. To prevent or reduce the damaging effects of frost action. 

c. To improve drainage and, when properly drained, minimize the ac- 
cumulation of water under the pavement. 

d. To prevent pumping action at joints, cracks, and edges of pavement. 

e. To reduce volume changes in the subgrade and to minimize the 
detrimental effects of such volume changes on the pavement. 

2. Thicknesses greater than 6 in. are used to replace frost-susceptible 


subgrade soils, minimize the effect of volume change, and to provide increased 
~ subbase-pavement strength, in addition to preventing pumping. 


(b) Minimum load-supporting value—Where economical, the finished sub-— 
base should have a load-supporting value such that when it is loaded in in- 
crements with a 30-in. diameter steel plate, it will develop a modulus of 


foundation reaction, &, of not less than 200 Ib per cuin. The subgrade modulus, 
Mw k, should be etaluated by loading tests made directly on the finished sub- 
base and/or trial sections of the subbase constructed in both cut and fill 


areas eat at the transition between cut and fill areas. 


_ 
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(c) Requirements to prevent pumping—Where the subgrade soil is capable 
of going into suspension, filter course subbases 3 to 6 in. thick will prevent 
pumping. 
304—Effect of subbase and subgrade on pavement thickness design 

The thickness of pavement required for given traffic loads and other con- 
ditions is not affected significantly by the presence or absence of a granular 
subbase layer of the usual thicknesses, but strong stabilized subbases may 
have an effect. The supporting power of the subgrade or combined sub- 
grade and subbase does affect the thickness of pavement required, particularly 
where heavy wheel or axle loads are involved. 

(a) Corps of Engineers method 

1. Under normal conditions, or where freezing is moderate, or where the 
water table is deep, a 4 in. minimum thickness of subbase is used. 

2. When frost action is anticipated, modifications in the design for normal 
conditions are made. With an F-4 subgrade soil, the worst from the stand- 
point of frost susceptibility, a total thickness of subbase and pavement equal 
to the depth of frost penetration is used. Subgrade soils of less severe frost 
susceptibility are associated with a design modification that allows for a 
reduction in strength due to the frost action. A reduction in the modulus 


of subgrade reaction is made based upon appropriate charts. A thickness . 


of subbase is used equal to the thickness of the slab designed assuming the 
reduced k value. 

(b) Navy method—The thickness of subbase to be used is dependent upon 
the results of loading tests made on the trial sections during the evaluation 
of the subgrade. 

(c) Portland Cement Association method—A subbase is added to the pave- 
ment when nonuniform soil conditions exist or when detrimental volume 
changes or pumping are anticipated. The thickness of subbase is arbitrary 
and is recommended as one-half to one-third of the depth of frost penetration, 
4 to 12 in. in cases of high volume change soils, and 4 to 6 in. in the case of 
anticipated pumping action. 

(d) Civil Aeronautics Administration method—A constant subgrade modulus 
is assumed as a result of the provision of variable subbase thicknesses which 
depend on wheel loading, subgrade soil, drainage conditions, and frost pene- 
tration. 


CHAPTER 4—SLAB DIMENSIONS 


400—Notations 

y = longitudinal direction of pavement —b- = semi-major or semi-minor axis of 
2 = transverse direction normal to y tire contact area, but in same 
i(y), (az) = tensile stress in slab, y and 2 direction as y, in. 


directions, respectively 


B,C,R,S = place and area coefficients 
o(y),o(x) = temperature warping stress, y 


and x directions, respectively ~ stone SCOMISIENG; i xR ; 
de = semi-major or semi-minor axis of i appa. 

tire contact area, but in same = differential temperature, top to 

direction as 2, in. bottom of slab, deg F 
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401—Slab lengths 
(a) Nonreinforced concrete pavements 

1. The spacing of contraction cracks in nonreinforced concrete pavements 
without transverse joints other than construction joints placed at the end of 
each day of work may be predicted by the formula: 


2. Warping stresses may be assumed constant for 6-in. slabs longer than 

18 ft and for 9-in. slabs longer than 24 ft. For longer slabs, maximum warping 

stresses in 9-in. slabs may be taken as 50 percent greater than those in 6-in. 

slabs. For shorter slabs, the warping stress is greater in 6-in. slabs. In- 

3 creases in k& values result in increased warping stresses in short slabs. See 
. Fig. 401(a)1 and 401(a)2 by Kelleyt for design data. { 


400 


8 


WIDTH OF SLAB—10-0” 
£.= 5000000 LBS. PER SQ. IN. 
@ = 0.000,005 


100 


TEMPERATURE—WARPING STRESS— POUNDS PER SQUARE INCH 
w 
°o 


LENGTH OF SLAB-FEET 


Fig. 401(a)I—Temperature-warping stresses—interior of slab 


_. 8. For nonreinforced concrete pavements, under average conditions a 
transverse joint spacing of 20 ft is ‘recommended to prevent intermediate — 
cracking. For unusual conditions this spacing may be varied to 15 or 25 ft. 


Bocce # , uri nditions prevent early shrinkage, ./’ will be very low, often based on an age less than 24 hr, 
a 3 ares ee Cen et onton of the Results of Research to the Sirncverl Design of Concrete Pavements, 


caer ; 1939, Proc. V. 35, pp. 437-464, : 9p : 
3 a Pe acta peed Reve been reeeatred directly. Theoretical predictions have neglected and strain measure- 


ments have included the effect of creep which reduces these stresses. 


! 
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TEMPERATURE - WARPING STRESS-POUNDS PER SQUARE INCH 


LENGTH OF SLAB~- FEET 


Fig. 401(a)2—Temperature-warping stresses—edge of slab 


_ Where load transfer at joints is to depend wholly or partially upon aggre- 4 
* _ gate interlock, expansion joints intermediate between structures except for Mg 
special conditions should be eliminated. y 
— (b)_-—- Reinforced concrete pavements : 
1. Since effective crack control can be maintained by the addition of z 
___ distributed steel, the economical length of a reinforced concrete slab depends f 

upon: (a) cost of distributed steel; (b) initial cost of joints, including load- ; 
ec transfer devices; and (c) cost of joint maintenance. 2 
4 2. The commonly used joint spacing for reinforced pavement varies G 
between 40 and 100 ft. ¢ 


_ 402—Slab widths os. 
~ (a) Traffic requirements make a 12-ft minimum lane-width necessary 
_ for maximum capacity of mixed (passenger and commercial) traffic. 
. 3 ; _ (b) For highway pavement, to prevent irregular longitudinal cracking, 
- @ maximum spacing of 12 ft between longitudinal joints is recommended. 


vial (c) For airport paving, to prevent irregular longitudinal cracking, longi- | ep 


tudinal construction joints should be spaced at not more than 25 ft. For 
_ pavements 10 in. or less in thickness, an intermediate weakened plane joint or 
of the dummy type should be required. ‘ee 
ae 


ea ty 
Set 
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403—Slab thickness 

(a) Basic concepts for design 

1. Warping stresses due to differential temperatures between the top and 
bottom of the slab are daily occurrences. Their magnitude is high and they, 
combined with load stresses, can and do produce transverse cracking in the 
pavement. 

2. Wheel loads also produce high bending stress, especially along the edges 
of the slab and near the corners, but these are of lesser amount in the ‘cen- 
ter of the slab. Excessive bending can produce accentuated pumping. 

3. Load transfer across joints or cracks helps to relieve joint, edge, and 


- corner stresses. 


4. Distributed steel may not prevent cracking, but it does hold the slab 
together at the cracks so that faulting of the pavement at these cracks is 
avoided. When cracks occur, the high warping stress which formerly existed 
in the vicinity of the crack becomes negligible. 

5. Subgrade friction in slabs longer than suitable for unreinforced pave- 
ments should be resisted by longitudinal steel, which should be sufficiently 
strong to prevent its failure due to excessive tension. 

6. Concrete suffers fatigue under repeated heavy loading and the impor- 
tance of this fact must at least be considered in any theory of pavement design. 
However, if the maximum stress is no greater than half the modulus of rup- 
ture, fatigue will not be a factor in design. It is recommended that the pave- 
ment thickness be so designed that under the assumed maximum wheel load 
the stress will be restricted to half the modulus of rupture. 

7. Concrete usually fails by tension produced either directly or through 
bending. 

8. When designing nonreinforced slabs, warping stresses as well as load 
stresses must be considered, and the joints should be spaced so as to prevent 
intermediate cracks from forming due to combined stresses from these two 


g . effects. 


9. When designing reinforced concrete pavement, warping stresses need 
not be considered in addition to load stresses. 

(b) Design theory 

1. The accepted theory (developed by Westergaard) involves, among 
others, one important assumption that is expressed in the simple formula: 


DOT EE OS (2) 


Obviously, Eq. (2) is not applicable to nonuniform or spot support of the 
slab. The theory does not pertain to the case of unsupported corners and 


edges of the slab. The modulus of foundation support k is assumed to be 
~ eonstant over the entire paved area and during the life of the pavement. 


2. For finding the modulus of foundation support, k, it is considered that 


an satisfactory procedure is by the use of loading tests with a 30-in. diameter 


steel plate. This test should be made, whenever possible, on trial sections 


of variable thicknesses of compacted subbase or of compacted subgrade if 


: 
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the subgrade material is suitable for a subbase. The control of moisture — 
and density of the subbase is of paramount importance in this connection. 

3. Wheel loads produce flexural stresses in a concrete pavement. The 
pavement fails under combined loading and warping conditions which cause 
a flexural stress equal to or greater than its flexural strength or modulus of 
rupture. The factor of safety, FS, against overloading of the slab is: 


In this expression, MR is the modulus of rupture (psi) and f; is the maximum 
principal bending stress (psi). A minimum factor of safety of 2 should be 
provided, except for certain airport pavements where the safety factor may 
be less, depending on the design wheel load. 

4. If the pavement is designed so that the maximum stress is no greater 
than half the modulus of rupture, fatigue will not enter into the design prob- 
lem as an important factor. The pavement thickness should be so designed 
that under the assumed maximum wheel load the stress will be restricted to 
roughly half the modulus of rupture. The design load should be greater than 
the legal load limit and it is well to assume an additional 20 percent for impact. 

5. Separate design criteria are applicable for concrete airport and high- 
way pavements. For airport pavements, computations of wheel load stresses 
for any given load and for different thicknesses of concrete have reference to 
loading at an interior point of the slab. In the case of concrete highway 
pavements the computed stresses have reference to protected or unprotected 
corner slab loading [see Section 403(d)]. 

(c) Design application for airport pavement* at 

1. Single tire loading. 

The choice of coordinate axes is arbitrary. Let y be in the longitudinal 
direction of the concrete highway of runway pavement and let the x direction 
be normal to the y direction in the plane of the pavement. Let the correspond- 
ing wheel load stresses be designated as ((y) and {(x). The tire contact area 
tends to be of elliptical shape, the major axis having a length of from 1.5 to 2.0 — 

times the length of the minor axis. Let a, and b, denote the semi-axes of the 


Lars ellipse, a, being in the x direction and b, in the y direction. If the elliptically 


shaped tire contact area is oriented with the long axis perpendicular to the 
longitudinal direction, then a, will be the semi-major axis and b, the semi-minor 
axis, respectively. Then the Westergaard expression for the concrete tensile 
stresses in the y and x directions at the bottom of the slab under the center of | 


A ; _ the tire contact area is as follows (Poisson’s ratio assumed to be 0.15): 


uy) | _ P a (eta 


0.316 we eT 
tx) | ior 2(t ) vot EY: 


*See Appendix A402. 
+Westergaard, H. M., ‘‘New Formulas for Stresses in Concrete Pavements for Airfields,” 


‘ , : : Transactions, ASCE 
V. 113, 1948, pp. , . i 4 ings, 
¥ Ht Prag ny ae nee toe Stress Concentrations in Plates Loaded over Small Areas,”’ Proceedings, ASCE! ‘ 


Wa 
Pat > 
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MAXIMUM TENSILE STRESS AT A POINT 


GREATEST MAXIMUM TENSILE 
STRESS AT ANY POINT 


X VALUES 


a 
a|c 
nile 


SSe ne Como 29) 7 SSeh 700) ete 
4 4 2 4 


TYPICAL GRAPH OF COMPUTED STRESSES 


Y DIRECTION 


Ge 


—= X DIRECTION 


LOAD A LOAD a! 


Fig. 403(c)—Dual tire loading on concrete pavement 


In these expressions, the minus sign on the right corresponds to ¢(x) and the 
plus sign to t(y). 
2. Dual tire loading 

For dual tire loading, the following expressions are used, assuming that 
Poisson’s ratio for concrete is 0.15: 


: + = al (8 (B +R) = (0.425) (C + | yah Se (5)* 
Y . i(y) 2m h? 


_ The coefficients B and C are “place” and R and S are “area” coefficients, and 

are determined numerically by the placing of loads and the shapes and sizes 

of the loaded areas. The total load is distributed uniformly over the tire contact 
area. If the « and y axes are axes of symmetry with respect to the load, then 
the place coefficients are C = 0 and B= 0.1159. For this symmetrical case 
Eq. (5) reduces to the following form: 


, 5 a = | 4) (0.1159 + R) = (0.4258) | hee ee ee (6)+ 
ie JOINS ek : 


_-*See Appendix A402. 
~ +Westergaard, H. M., op. cit. 


Ne 
4 

, 
“i 


28 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE July 1958 


With reference to Fig. 403(c), the stresses at points (such as / and 2) in 
the concrete below Load A are within Ellipse A and outside Ellipse A’. The 
Point 3 is outside both ellipses. The expressions for the coefficients, R and S, 
are different for points inside and outside the ellipse. Since Eq. (6) is applica- 
ble only for loads which are symmetrical about the z and y axes, it is necessary 
to calculate R and S for Load A, also R and S for Load A’, and then calculate 
the stress at any point, say Point 2, due to Load A, and due to Load A’ in- 
dependently, and then by superposition the total stress at Point 2 can be 
obtained. For the stress at points within the ellipse such as 1 and 2 due to 
Load A alone, the following expressions are used for computing the numerical 
values of R and S: 


21 Sy Ee ees 
Fe OOO. rl ao tes Or dab, eae 


Ss Ss b. — a 2a.b. x a g* 
Ge tbe (ae +b )*] at be 
For Point 1, and y are both zero since this point is the origin. For Point 
2,'x has a finite value but y is zero since the point is on the z axis. 


TABLE 403(d)—VALUES FOR !| CORRESPONDING TO DIFFERENT 
VALUES OF k AND h* 


k, lb per cu in. 50 | 100 150 | 200 250 300 : 

h, in. f Radius of relative stiffness, 1 
6 34.84 29.30 26.47 24.63 23.30 22.26 21.42 20.72 19.59 
6.5 36.99 31.11 28.11 26.16 24.74 23.64 22.74 22.00 20.80 
‘4 9.11 32.89 29.72 27.65 26.15 24.99 24.04 23.25 21.99 
7.8 41.19 34.63 31.29 29.12 27. 26.32 25.32 24.49 23.16 
8 43.23 36.35 32.85 30.57 28.91 27.62 26.58 25.70 24.31 
8.5 45.24 38.04 37.37 31.99 30.25 28.91 27.81 26.90 25.44 
9 47.22 39.71 35.88 33.39 31.58 | 30.17 29.03 28.08 26.55 
9.5 49.17 41.35 37.36 34.77 32.89 31.42 30.23 29.24 27.65 
10 51.10 42.97 38.83 36.14 34.17 32.65 31.42 30.39 28.74 
10.5 53.01 44.57 40.28 37.48 35.45 33.87 32.59 31.52 29.81 
ll 46.16 41.71 88.81 36.71 35.07 33.75 32.64 30.87 
11.5 56.75 47.72 43.12 40.13 37.95 36.26 34.89 33.74 31.91 
12 58.59 49.27 44.52 41.43 39.18 37.44 36.02 34.84 32.95 
,12.5 60.41 .80 45.90 42.72 40.40 38.60 37.14 35.92 33.97 
13 62.22 62.32 47.27 43.99 41.61 39.75 +25 36.99 34.99 
13.5 64.00 53.82 48.63 45.26 42.80 40.89 39.35 38.06 35.99 
14 65.77 55.31 49.98 46.51 43.98 42.02 40.44 39.11 36.99 
14.5 67.53 56.78 51.31 47.75 45.16 43.15 41.51 40.15 37.97 
15 69.27 -25 52.63 48.98 46,32 44.26 42.58 41.19 38.95 
15.5 70.99 59.70 53.94 20 47.47 45.36 43.64 42.41 39.92 
1 72.70 61.13 55.24 51.41 48.62 46.45 44.70 43,23 40.88 
16.5 74.40 62.56 56.53 52.61 49.75 47.54 45.74 44.24 41.84 
17 76.08 57.81 50.88 48.61 46.77 45.24 42.78 
17.5 77.75 65.38 59.08 54.98 52.00 49. 47.80 46.23 43.72 
18 79.41 66.78 60.35 56.16 53.11 50.74 48,82 47.22 44.66 
19 82.70 69.54 62.84 58.48 55.31 52.84 50.84 49.17 46.51 
85.95 72.27 65.30 60.77 57.47 54.92 52.84 51.10 48.33 
21 89.15 74.97 67.74 63.04 59.62 56.96 54.81 53.01 60.13. 
22 92.31 77.63 70.14 65.28 61.73 58.98 56.75 .89 51.91 
95.44 80.26 72.52 67.49 63.83 60.98 58. 56.75 53.67 
24 98.54 82.86 74.87 69.68 65.90 62.96 60.58 58.59 55.41 


*He = 4,000,000 psi and w = 0.15 


4 4 

] Kiem Ee(h) A 

: = | / = 24.162 » / he 
adius of relative stiffness = 1 ina — uw) & k 


4 
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The stresses in concrete at interior points of Ellipse A due to the Load A’, 


the stresses at points such as 3 which is outside both ellipses, and the stresses 


within Ellipse A’ due to Load A require for their computation the use of the 
following expressions for R and S: 


R = 0.5000 + log, 


21 x 
a + V2? —a2 + b2 a+ v2? — a? + b2 


(8) 
_ be tae 4b. x 


Tataat [e4 fear tbl Ge a8) 


S 


In the foregoing expressions for R and S, b, and a, are the semi-major 
and semi-minor axes of the ellipses, respectively; the two elliptic tire prints 
being identical with respect to size and shape; / is the radius of relative stiff- 
ness of the slab [see Table 403(d)]. 


“(/ aR (9) 


For concrete pavement, Poisson’s ratio, u, is usually taken as 0.15. 
p p ? ) 


The Westergaard expressions for place and area coefficients and for stresses 


— in the slab utilize the first few terms of infinite series and are therefore appli- 


cable for only ‘‘points within or near the loaded area” (Westergaard). In the 
present case, dual tire loading, the expressions are applicable without appre- 
ciable error provided that the distance between the ellipses does not exceed 
the length of the major axis, which is 2b, [Fig. 403(c)]. If the two tires are 
farther apart than this, it is much more accurate to use the influence chart 
and the graphical method of Pickett and Ray* which is based on the exact 
and not the approximate procedure. 

The computed stresses at Points 1, 2, 3, etc., of the lower diagram of Fig. 
403(c) are plotted in the upper diagram of this figure against the stresses at 


- these several points. Then a smooth curve, as shown in this figure, is drawn 


through these plotted points. It is preferable to plot the distances of the 
Points 1, 2, 3, etc., from the origin, in terms of a,, the semi-minor axis of each 
tire print. The stress versus distance from the origin curve of the upper 
diagram has a maximum ordinate. In the diagram shown, this maximum is 
at a value of x that is slightly less than a.. The position of the maximum 
stress necessarily changes with changes in the distance between the loaded 


elliptical areas, that is, the tire spacing. 


(d) Design application for highway pavement 
The formulas developed by Pickett} are used and two conditions are con- 


i sidered: 


‘ po 


1. Protected corners—Provision has been made to transfer at least 20 
percent of the load from one slab corner to the other by some adequate _ 
mechanical means or by aggregate interlock. For this case 


. ~“*Pickett, Gerald, and Ray, G. K., “Influence Charts for Concrete Pavements,” Proceedings, ASCE, V. 76, 


. 1950, Separate No. 12. Charts are available from Kansas State College. 


q z # Ei @antrote Pavement Design,” Portland Cement Association, Chicago, 1951. 
ne 
a 


3 


i 
of the corner angle 
Dive 
recommended for pneumatic tires 
h = 
thickness of a thickened-edge slab) 
-— §00—Notation. 
~W = joint width opening, in. Sp 
d = diameter of dowel, in. 
f = relative stiffness of the dowel and the A,’ 
concrete mass e 
I, = length of the primary bearing pressure 
wave on dowel, in. 
Lr = length of tie-bar, in. M, 
Pp = concentrated load acting downward 
on dowel at the center of a joint, lb tm 
Q = perimeter of tie-bar, in. 
501—Definitions 
(a) Dowel—A plain bar embedded in a 
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- 0.925 + 0.22 a/l 
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fi = ay E 
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See Appendix A401, Fig. A401 (a), for design curves based on Eq. (10). 
Unprotected corners—There is no adequate provision for load transfer 
and one corner must carry over 80 percent of the load. 


2. 


4.2P 
are 2 fc 


penn I es ii a) 
0.925 + 0.22 a/l 


See Appendix A401, Fig. A401(b), for design curves based on Eq. (11). 
In the two foregoing formulas 


vertical shear resistance across a joint. 


maximum tensile stress (psi) at top of slab and in the direction of the bisector 
wheel load, lb (gross load plus impact). An impact allowance of 20 percent is 


thickness (in.) of a uniform-thickness concrete slab at a corner (or equivalent 


CHAPTER 5—JOINTS, LOAD TRANSFER DEVICES, AND DETAILS 


bearing pressure on concrete under 
dowel at slab face, psi ‘ 
cross section area of one tie-bar, sq in. 
base of Napierian logarithms 
distance along the dowel from slab 
face at the joint, in. 

bending moment in dowel at slab face, 
in.-lb; M, = (PpW)/2 

distance from slab face to point of 


‘maximum moment in dowel, in. 


concrete pavement to provide 


(b) Tie bar—A deformed bar embedded in a concrete pavement at a 
joint and designed to hold abutting slabs together. 


(c) 
iS 


: As the term implies, the primary function of an expansion joint is to provide — 
_ space for the expansion of the pavement and thereby prevent the development 
of compressive stresses of damaging magnitude. 


Joints 
Expansion joints 


When installed between 


the pavement and a fixed structure, such as a bridge, an expansion joint 


the structure. 


2. 


The purpose of a contraction joint is to limit tensile stresses to a safe value. — 


Contraction joints 


_ serves also to prevent the pavement from exerting damaging pressures against 
Expansion joints also function as contraction joints. 


u 


ONS as =, oe 
My . : 
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- Since contraction joints must be free to open, the continuity of the reinforce- 


ment, if reinforcement is present, is interrupted at the joints. 

Basically, there are three types of contraction joints, namely, “groove 
joint,” “plate joint,” and “butt joint.” 

a. Groove joint—This joint is created by forming a groove in the upper 


‘portion of the pavement. Methods employed to form the groove consist of 


(1) temporary embedment of a suitable metal strip; (2) installation of a thin 
strip of premolded joint filler material to the required depth; and (3) sawing 
the pavement after the concrete has hardened. 

In addition to the surface groove, a parting strip of wood, metal, or pre- 
molded material is sometimes provided at the bottom of the pavement, directly 
under the groove, to insure the formation of a vertical crack and to further 
encourage early cracking of the concrete at the joint. 

b. Plate joint—This joint is created by erecting a separator or parting 
strip on the subgrade. The separator, which usually consists of a metal 
plate or a thin sheet of ‘some other rigid, noncompressible material, serves 
to interrupt the continuity of the pavement. A groove is usually formed in 
the concrete immediately above the separator, to serve as a reservoir for 


sealing material. ° 


c. Butt joint—This joint occurs where fresh concrete is placed against 
hardened concrete. 

3. Hinge or warping joints 

The term “hinge” or ‘‘warping joint’’ applies to any joint which permits 
hinge action, but no appreciable separation of the adjacent slabs. Hinge 
joints are intended primarily to relieve warping stresses. In contrast to con- 
traction or expansion joints, appreciable changes in joint width are prevented 
by the installation of steel tie bars across the joint. In effect, a joint of this 
type acts simply as a hinge, that is, it merely permits the abutting slabs to 
undergo a certain amount of vertical angular displacement. 

Butt joints become hinge joints when adjacent slabs are held together with 
tie bars. 

4. Construction joints 

The term applies to the joint necessitated by any prolonged stoppage of 
the concreting operations, such as the end of the day’s work, equipment 
breakdown, or delay in delivery of materials. 

5. Longitudinal joints 

Because of the longitudinal cracking that has occurred extensively in high- 
way pavements constructed with full-width slabs, it has become general 


practice to divide the pavement into lanes by longitudinal joints. 


This joint may be an ordinary butt joint resulting from “lane-at-a-time”’ 
construction, or one created during full-width construction by embedding a 


, metal or fiber plate in the concrete along the proposed line of the joint and 


so shaped as to create mechanical interlocking of the slab edges; or it may be 


 ¢reated by weakening the pavement with a deeply formed groove, sawing, 
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or with an embedded strip of premolded material. Adjacent lanes are usually 
kept from separating and faulting by properly spaced steel tie bars. 


(d) Mechanical load-transfer devices 


Some form of load transfer should be provided even though the edges and 
corners of the slabs are designed to carry the load without overstressing the 
concrete. Loads passing over a joint without load transfer may produce 
excessive deflections, resulting in permanent damage to the subgrade. This 
in turn may lead to excessive vertical displacement of slab ends and eventual 
faulting at joints, even though concrete stresses are not serious. 


1. Mechanical load-transfer devices may be divided into two major © 


classifications: 

a. Those which develop resistance to shear, but little or no resistance to 
bending. Included are face-interlock types such as deformed plates and some 
proprietary makes of load-transfer devices. : 

b. Those which develop resistance to both shear and bending, of which 
the dowel bar is the most common. Most proprietary load-transfer devices 
employ this principle in their design. 

2. Mechanical load-transfer devices should possess the following attributes: 


a. They should be simple in design in order that they may be practical to 


install, and permit positive encasement by the concrete. 


b. They should be capable of distributing the load stresses throughout 


the adjacent concrete in such a manner that these stresses will not exceed the 
allowable design value. In this respect, it is especially important that high 
localized stresses in the concrete at the joint face be prevented. 

ce. They should offer no material restraint to the opening of the joints at 


_ any time. 


d. They should retain their mechanical stability under wheel-load weights 
and frequencies comparable to those for which the pavement itself has been 


- designed. 


e. They should be constructed in such a manner as to meet specified per- 


_ formance requirements relative to load-transfer capacity. 


f. They should be resistant to corrosion. 

3. The conventional round steel dowel is used to a greater extent than any 
other type of mechanical load-transfer device. For any given load and pave- 
ment condition, it is recommended that all other types of mechanical load- 


_ transfer devices be equivalent in load-transfer capacity to that of a round 


dowel of the dimensions determined in accordance with Sections 502(e) and 
503 (f). 


(e) Aggregate interlock—The use of aggregate interlock to transfer loads 


across joints and to maintain mutual alignment of abutting slabs is generally 


associated with the construction of nonreinforced pavement and with the use 
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of groove or sawed contraction joints. In order that aggregate interlock | 


may be reasonably effective, the maximum opening of joints should not 
exceed 0.02 in. except in cases where the pavement is supported by an un- 
usually strong foundation. But even with these precautions, experience 
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indicates that aggregate interlock frequently is not satisfactory under a 
large volume of heavy truck traffic. 


502—Highway pavements 

(a) Expansion joints 

The width of expansion space per joint and the total expansion space needed 
are governed by pavement design details, aggregates used, and local climatic 
conditions. For practical reasons, the maximum width is limited to 1 in. 
The usual width of opening is 34 in. To provide more than 1 in. of expansion 
space at special locations, such as at bridges and railroad crossings, where 
it is desirable to limit compressive stresses to a safe value, it is recommended 
that two or three expansion joints of standard width be installed consecu- 
tively at intervals of approximately 20 ft. This need apply only in cases where 
expansion joints are omitted generally elsewhere in the pavement. 

Mechanical load-transfer devices are necessary at expansion Joints. 

At expansion joints, the sliding ends of the dowels must be enclosed in a 
close-fitting metal cap or thimble to provide space for the movement of the 
dowel into the concrete during an expansion cycle. The space should be 
equivalent to the width of the expansion joint, plus )4 in. 

Recommended design details for expansion joints are shown in Fig. 502(a). 


(b) Contraction joints 
Recommended details for contraction joints are set forth in the following 
paragraphs and illustrated in Fig. 502(b). 


1. Groove joint 

This type of contraction joint is more widely used than any other. The 
depth of the surface groove should be not less than 1/6 nor more than 14 the 
thickness of the pavement. The depth of the groove may be decreased to 
114 in. if a groove is also formed at the bottom of the pavement by installing 
a parting strip of suitable height on the subgrade, and in the same vertical 
plane as the surface groove. The depth of the groove plus the height of the 
parting strip should not exceed 1/3 the pavement thickness. The width of 
the groove should be at least twice the anticipated annual variation in joint 
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- Fig. 502(a)—Recommended design details for highway transverse expansion joint 
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width, but not less than 1/8 in. This is necessary to facilitate sealing of the 
joint and to insure that the joint will remain in a sealed condition. 

Mechanical load-transfer devices are recommended under all conditions 
where the joint spacing exceeds 20 ft, and even at a lesser spacing where 
service conditions are severe. 

2. Flat plate joint. 

A thin transverse strip of noncompressible material is left in place to form 
this joint. The strip should be capped in such a manner that when the cap 
is removed it will form a groove adequate for retention of joint-sealing ma- 
terial. Load-transfer devices are recommended under all conditions of joint 
spacing. 

3. Deformed plate joint 

Recently, plates with horizontal deformations or corrugations have been 
used for the dual purpose of forming the joint and providing mechanical 
interlock. In the absence of conclusive performance data, no design recom- 


mendations can be made at this time. However, the design features of this” 


type of joint are such that it should not be used where slab lengths exceed 
20 ft. 


4, Butt joint 


This is essentially a construction joint, and should be treated in the manner - 


of other types of contraction joints requiring load-transfer devices. 
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(c) Hinge or warping joints 

There are two types of hinge joints, namely, groove and formed tongue- 
and-groove. They are used mainly in longitudinal joint construction. At 
hinge joints, separation of the abutting slabs is prevented by bonded steel 
tie bars or two-piece connectors. Load transfer is accomplished by aggregate 
or mechanical interlock, and to some extent by the tie bars. 

1. Groove joint : 

Although the formed groove method is more commonly used, the formation 
of the groove by cutting the pavement with a concrete saw is rapidly taking 
its place, and is preferentially recommended. 
~ 2. Tongue-and-groove joint 

The essential elements of this joint are the formed tongue-and-groove, 


z which provide load transfer, and deformed tie bars to hold slabs in adjacent 


lanes in intimate contact. The tongue-and-groove may be formed in full- 
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Fig. 502(c)—Recommended design details for highway fongffudinal hinge or warping 
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width construction by a preformed metal plate left in place. In lane-at-a- 
time construction it is recommended that the desired groove in the slab edge 
be formed by using deformed metal strips or wood strips attached to the forms. 

The top edges of the butt type of hinged joint should be finished with a 
groove so that effective sealing of the joint may be accomplished. 

3. Recommended design details for hinge joints are illustrated in Fig. 
502(c.). 

(d) Tie bars 

1. The purpose of tie bars is to hold the faces of abutting slabs in intimate 
contact, thus insuring adequate load transfer. Tie bars are not designed to 
act as load-transfer devices. es 

Tie bars are designed to withstand the maximum tensile forces required to 
overcome the friction between the pavement and the subgrade, from the 
joint in question to the nearest free edge. 

2. Recommended sizes and lengths for different pavement conditions 
are given in Table 502(d). 


TABLE 502(d)—RECOMMENDED MAXIMUM SPACING FOR 
Ya- AND %-IN. TIE BARS* 


14-in. diameter bars 5¢-in. diameter bars 
Type and Working | Pavement Spacing, in.t Spacing, in.t 
grade of stress, thickness, | Over-all a Over-all |——— 
steel psi in. length, Lane | Lane | Lane | length, Lane | Lane 
in. width | width | width in. width | width | width 
10 ft | 11 ft | 12 ft ll ft | 12 ft 
Structural grade 6 46 42 38 48 48 
billet or axle 7 39 36 33 48 48 
steel 4 8 34 31 28 48 45 
22,000 9 20 30 28 25 24 43 40 
10 27 25 23 39 36 
Intermediate grade 6 48 48 47 48 48 
billet or axle 7 48 44 40 48 48 
| 8 42 38 35 48 48 
27,000 9 24 37 34 31 27 48 48 
~ 10 34 31 28 48 44 
Rail steel or hard 6 48 48 48 48 48 
: grade billet or 7 48 48 48 48 
axle steel 8 48 47 43 48 48 
33,000 9 27 46 42 38 33 48 48 
10 41 37 34 48 48 


- *Deformations of tie bars conforming to ASTM A305. Working stress based on 0.67 of minimum yield point 


rn! strength of steel. Over-all length includes 3-in. allowance for centering. 


Tit is recommended that spacing of tie bars should not exceed 48 in. 


3. The practice of using bent tie bars which are later straightened as in 


 lane-at-a-time construction often results in kinked, broken, or misplaced tie 
bars. To avoid these difficulties it is recommended that such tie bars be made : 
- from electric furnace or open hearth billet steel or axle steel, structural grade, 


or that an approved type of two-piece connector be used. The tensile strength 


of such connectors should at least be that of conventional tie bars which — 
would be required for a given pavement design. 


(e) Load-transfer devices 


1. Recommended minimum practical requirements for dowels for various 


pavement thicknesses are given in Table 502(e). 


. 
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TABLE 502(e)—RECOMMENDED MINIMUM DOWEL REQUIREMENTS FOR 
EXPANSION OR CONTRACTION JOINTS IN HIGHWAY CONSTRUCTION 


Pavement Dowel Dowel Dowel 
thickness, diameter, length, spacing, 
in. in. in. in. 
6 34 18 12 
7 1 18 12 
8 Lest 18 12 
9 14% 18 12 
10 14% 18 12 


9. Recommendations for load transfer at joints have been based on the 

most commonly used type of load-transfer device, the ordinary round steel 

dowel. If proprietary load-transfer devices are used in lieu of dowels, they 
- should have a load-transfer capacity equal to or greater than that of the 
_ recommended dowel. 


- 503—Airport pavement 
| (a) Joint designs applicable to both highway and runway construction 
~ eovered in Section 502 are omitted here to avoid unnecessary duplication. 
(b) Expansion joints 
1. Longitudinal 


Recommended longitudinal expansion joint design details are shown in _ 


- Fig. 503(b)1. Dowels should not be used at longitudinal expansion joints, 
but the edges of the slabs along these joints should be thickened to at least 
- 1.25 times the normal slab thickness. Thickness of the joint filler should be 
34 in. 

2. ‘Transverse 
It is recommended that the thickness of joint filler for transverse expansion 
~ joints should be not less than 34 in. nor more than 1 in. [see Fig. 503(b)2]. 


(c) Contraction joints) 
1. Groove joint | 
The groove contraction joint is recommended. The groove shall be of 
sufficient width and depth to perform its function and to permit proper seal- 
ing. In general, the depth of groove may range from 1/6 to 4 the thickness 
of the slab. Within these limits the depth shall not be less than 1% in., nor 
“Jess than 1/6 the thickness of the slab, nor less than the maximum size of 
- aggregate. 
3 2. Keyed and butt joint (construction joints) 
These joints naturally result from lane-at-a-time construction, and may 
be constructed either with a key (tongue-and-groove interlock), with or with- 


~ out tie bars, or as a plain butt joint with smooth dowel bars. Recommended 
design details are shown in Fig. 503(b) 1. é 

-__ (d) Hinge or warping joints—Depending upon design requirements, hinge 
or warping joints may be constructed as groove joints, tongue-and-groove 
joints, or as plain butt joints. In all three cases, tie bars must be employed 
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Fig. 503(b)I—Recommended design details for airport runway longitudinal joints 
. 1—Deformed tie bars to be installed in groove and keyed joints occurring within span, 25 ft of 

in free edge of pavement 

ie 2—Butt construction joints, with dowels spaced as required, may be used in lieu of keyed joints 

j ; 3—All joints shall be sealed with approved material ; 


to hold the abutting slabs in intimate contact. Details for this type of joint 
construction are shown in Fig. 503(b)1. a 
—. (e) ~~ Design of tie bars ¥ 
_ 1, The recommended minimum diameter of tie bars for airport work is ie 
in, The recommended range of tie bar length is 30 to 36 in. at a spacing 
of 30 in. on center. fas. 
1 ea 2. The selected size and spacing of tie bars shall be such that the cross f 

_ sectional area of steel in square inches, per ft of joint, is at least equal to “ . 


the amount given by the following formula: 
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in which L’ is the distance between the joint in question and the nearest free 
joint or edge. 


_ 3. A tie bar should be long enough to provide sufficient anchorage on 
each side of the joint to develop the strength of the tie bar. In addition, an 
allowance should be made for inaccurate centering of the tie bar. A 3-in. 
allowance is recommended. Expressed as a formula, this length becomes: 


Of, As 
Zz bes CEE ec en AA RE (13) 
uQ 
é (f) Load-transfer devices—Some form of mechanical load transfer is recom- 


a mended at all transverse expansion and construction joints as well as at butt 
longitudinal construction joints. The recommended size, length, and spacing 
of dowels for load transfer are shown in Table’ 503(f). 


3/8" 
es Ee SEALING COMPOUND 370m . 


id hye 


SEALING COMPOUND 


+ a 21/4"R 


h76 TO h4 (MIN. 1.5") 


} Z We ee NAS o 
‘ree 174" efit FS un an oe 
a Pee awe et eree a : 


» & 


, TO Wa CMINIS) 


a 


LUBRICATED SMOOTH DOWEL BAR 


WITHOUT DOWEL BAR WITH DOWEL BAR 


GROOVE TYPE CONTRACTION JOINTS 


as SEALING COMPOUND 


LUBRICATED SMOOTH DOWEL BAR 


CONTRACTION, BUTT TYPE WITH DOWELS 


SEALING COMPOUND 
<W 41/4" 


LUBRICATE PORTION 


OF DOWEL 
IN THIS SLAB 


DOWEL CAP 


SMOOTH DOWEL BAR~ -21\'3/4"” NON-EXTRUDING FILLER 


\w 
EXPANSION TYPE WITH DOWELS ni 


Fig. 503(b)2—Recommended design details for airport runway transverse joints 
~_ 1—Dowels shall be used in groove joints in aprons, taxiways, and thickened end sections of runways. 
_ They may be omitted in other portions of runways 
~_-- 9-—Dowel size and spacing shall be as required 
- 3—All joints shall be sealed with approved material 
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TABLE 503(f)—DOWEL REQUIREMENTS FOR LONGITUDINAL BUTT JOINTS, 
TRANSVERSE EXPANSION, CONSTRUCTION, AND CONTRACTION JOINTS IN 
AIRPORT CONSTRUCTION 


Pavement Dowel Dowel Dowel 
thickness, | diameter, length, spacing, 
in. in. in. in. 
6 34 18 12 
7 34 18 12 
8 1 18 12 
9 1 18 12 
10 1 18 12 
il 1% 20 15 
12 14 20 15 
13 1% 20 15 
14 14% 20 15 
15 1% 20 15 
16 1% 24 15 
17 1% 24 15 
18 1% 24 15 
19 1% 24 15 
20 1% 24 15 


CHAPTER 6—REINFORCEMENT 


601—Scope 


This section presents data and recommendations for the most common 
type of pavement reinforcement. It is limited to reinforcement in pavement 
slabs relatively free to undergo contraction and expansion throughout their 
length. Such slabs are not usually over 100 ft long, although data from 
continuously reinforced pavements indicate that principles of reinforcement 
for crack control apply to somewhat greater slab lengths, between 100 and 
200 ft. Specially oriented reinforcement, such as edge bars, corner bars, and 
two-way structural reinforcement used in bridge approach slabs, are not 


within the scope of this report. The effect of the steel in preventing cracks 


is not considered herein. 


602—General principles 


(a) Purposes of reinforcement—It is intended to insure the following: 


1. Intimate contact of adjacent slabs to produce a degree of load transfer 
across the crack through aggregate interlock so that wheel loads near the 

- erack are supported by the slabs on both sides with correspondingly smaller 
concrete flexural stress at the crack and so that load deflections will be mini- 
mized. 
. 2. Minimization of water seepage to the subgrade soil and the infiltration — 

of soil into the crack. 2 


(b) Design criteria 


1. When its temperature drops, a pavement slab tends to shorten. This % 
contraction is resisted by the subgrade. The frictional resistance, which — 
increases from the ends to the center of the slab, must be overcome by the 

# 


tensile resistance of the steel crossing any cracks. The maximum steel stress 


z 
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will occur at a crack at mid-length of the slab, and reinforcement is designed 
on this basis. 
2. Frictional resistance will vary with amount of movement, size of slab, 
rate of temperature change, and characteristics of the subgrade, reaching a 
- maximum when actual sliding of the slab on the subgrade occurs. For design 
- purposes, a coefficient of friction of 1.5 is reeommended. From experience, 
_ this value has given satisfactory results, probably compensating for other 
__ factors not considered in present design practice. 
3. A more refined method for determining the coefficient of friction value 
when sliding and nonsliding conditions are involved has been developed. 
This method assumes that the subgrade frictional resistance increases in 
direct proportion to the square root of the slab movement until free sliding 
takes place, with a constant coefficient of friction for parts of the slab subject 
to free sliding. A full explanation of this rational method for selection of 
coefficient of friction values will be found in ‘Design Considerations for 
- Concrete Pavement Reinforcement for Crack Control,” by Subcommittee 
~ JV, ACI Committee 325, ACI Journat, Oct. 1956, Proc. V. 53, p. 341. 
4. The cross-sectional area of steél required per foot of slab width is 


- 603—Design requirements 

(a) Minimum size of longitudinal reinforcement—The size of members is 
dictated by practical considerations and industry standards. Longitudinal 

reinforcing members in heavy-duty highway pavement should not be less 

than No. 3 AS&W gage or approximately 14-in. diameter. In the case of 

deformed bar mats, the minimum size member should be that of a #3 bar, 

or % in. in diameter. 

— (b) Transverse reinforcement 

1. Transverse steel reinforcement should be designed to develop a tensile 

_ value comparable to the full strength of the tie bars at longitudinal joints 
in two-lane or multiple lane-pavements. - 

2. The minimum size of member should be No. 4 AS&W gage or 0.225 
in. in diameter. For bar mats, the minimum size of member should be \ 
in. in diameter. 

3. From the standpoint of satisfactory cross-welding, the difference in 
size between a longitudinal and transverse wire should be not greater than 
six gage numbers. 
f (c) Maximum spacing of reinforcement } 
1. For welded wire fabric, the spacing of the longitudinal wires should 
“not exceed 6 in., and of the transverse wires, 12 in. 

7 29. For bar mats the spacing of the longitudinal bars should not exceed 
15 im, and of the transverse bars, 30 in. 2 

 (d)_ Location of reinforcement—Reinforcement should be placed at a depth 
not less than 2 in. nor more than 14 h from top of slab. ; 
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APPENDIX—USE OF DESIGN CHARTS 


A401—Highway pavement design 
(a). Sample design problem 

Required : The pavement thickness for a dual tire load of 1 13200 Ib (5600 lb on each tire). 
The center-to-center spacing of the two tires is 13.6 in. and the tire pressure is 75 psi. 
The value of kis 100. The factor of safety is 2 for a modulus of rupture of 700 of concrete 
at 28 days. An impact factor equivalent to 20 percent of the load is added. 

Solution: The radius, a, of the circular area equal to the area of the equivalent circle for 
one of the two tires plus the area of a rectangle having a length of 13.6 in. and a width 
equal to the diameter of the equivalent circle for one of the tires is 10.68 in. In other 
words, 8.65 in. is the radius of a circle having an area equal to that of a circle of radius 
5.34 in., plus the area of a rectangle having a length of 13.6 in. and a width of 10.68 in. 


Using the two simplified expressions 


_ V3.36 X 13,440 B 


: 350 


, protected corners .......... (15) 


a v4.20 X 13,440 B 
‘ 350 


h , unprotected corners ........ (16) 


where B is the quantity in brackets in Eq. (10) and (11), it is found by trial that h is 8 in. 
for protected corners and 9.5 for unprotected corners. The trial method is illustrated as 
follows. For the case of unprotected corners, for example, a value is arbitrarily assigned 
toh. Then B is computed and the expression under the square root sign in the expression 
on the right is computed. The procedure is repeated until the value for h and this 
expression are made numerically equal. 


oe (b) Use of design charts 


AR 1. Assuming load conditions as stated above, the design axle load would be 
13,440 X 2 or 26,880 Ib. For the case of protected corners, enter design chart — 
‘: Fig. A401(a) for axle load on left margin at load of 26,880 lb and proceed right 


horizontally to the design curve line for k=100. Proceed vertically downward 
to bottom edge of chart and read the required thickness, which in this example, 
_ is approximately 8 in. For unprotected corners, design chart Fig. A401(b), 


e7.°* 


ee the thickness would be approximately 914 in. 


en A402—Airport pavement design* 


ast 


5 aie (a) Use of the airport design charts for determining pavement thickness oN ; 


oe \ 
(ei me 1. The proper working stress should be established. This is done by "oan 
dividing the estimated modulus of rupture of the concrete by the appropriate _ 
ee safety factor. 

_ 2. The k value of the subgrade must be determined as explained previously. eae Be 


3. The type of landing gear, gear load, and tire pressure must be kwown _ 
for the planes which are anticipated on the facility being designed. x 


a 
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see A401(a)—Design chart based on Eq. (10) for portland cement concrete pavements 
—protected corners* 


-#*For modulus of ‘rupture values greater or less than 700 psi, see design chart (Fig. 4) in ‘Concrete Pavement 
_- Design,” Portland Cement Association, 1951. 
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Fig. A401(b)—Design chart based on Eq. (11) for portland cement concrete pavements 
—vunprotected corners* 
*For modulus of rupture values greater or less than 700 psi, see design chart (Fig. 5), op. cit. 
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4. Enter the appropriate chart at the left margin with allowable working 


_stress and proceed from left to right in the manner of the broken lines with 


arrows on the charts—read right from allowable working stress to curve for 
k value, then up or down to design-load line, and from that point read right 
to slab thickness at the right edge. 


(b) Sample design problem 


Required: The thickness of an apron extension and taxiway for an occasional 
plane having a dual-wheel load of 80,000 lb. The existing pavement is designed for 
a 40,000-lb dual-wheel load, and aircraft with loads of this magnitude are making 
several operations per day. The k of subgrade established from tests on the existing 
subgrade under the old apron is 200 lb per cu in., and the concrete mix is designed for 
a 28-day modulus of rupture of 650 psi. 


Solution: 

1. Allowable working stress equals the modulus of rupture, increased to the 
6-month strength (650 X 114 percent = 741 psi) divided by safety factor (say 1.7 
for the occasional 80,000-lb dual) or 741 divided by 1.7, which equals 436 psi. 

2. Enter the design chart, Fig. A402(b) for dual-wheel loads, on the left margin 

- at a stress of 436 psi and proceed right horizontally to the desired curved line for k 200. 

3. Proceed vertically to the diagonal line for the dual-wheel load in question 
(80,000 lb). The heavy solid lines indicate average tire pressures commonly used for | 
the load given. 

4. Proceed right horizontally to the edge of the chart and read the required thick~ 
ness, in this example, 10.8 in. Probably 11 in. would be used. 


(c) Use of charts for review of existing pavement 

(1) The design charts may also be used in reverse to determine the stress 
caused by a given load in a pavement of a known thickness and on a sub- 
grade whose k is known. For example, use of the charts could be illustrated 
by checking the adequacy of the 11 in. obtained above for unlimited operations 
of the 40,000-lb dual. Starting at 11 and moving left across to the 40,000-lb 
load, down to the 200 & line, and horizontally to the left edge, a stress of 238 
psi or a safety factor of 2.8 at 28 days is obtained. This indicates that the 
pavement is more than adequate for this loading. 

Loads or k values other than those shown can be used by interpolation on 
the charts. 

The same procedure would be followed on the other design charts, Fig. 
A402(a), (c), (d), and (e). 


(d) Ture pressure 
The dashed diagonal lines are included to permit the use of these charts 


for a wide range of tire pressures for any landing-gear load. The heavy 


diagonal lines indicate tire pressures commonly used for each load. For 
example, in Fig. A402(a) for single-wheel loads with a load of 75,000 lb, the — 


~ average pressure indicated by the heavy line is 100 psi. However, the dashed 


lines permit the use of tire pressures of 120 psi or 80 psi if either of these 
values should be desired. Intermediate values may be interpolated. 


Fig. A402(d) and A402(e) were prepared for military jet aircraft and 


include the range of tire pressures common for these planes. 


} 
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(e) Other landing gear 


Where the thickness is required for a dual-wheel landing gear with a specific 
spacing other than those shown, the required thickness may be obtained 
from Fig. A402(a) and A402(e) by applying the following approximate cor- 
rection factors: 

1. For increases in center-to-center tire spacing up to 10 in., the required 
thickness should be reduced by 0.6 percent for each inch increase. 

_ 2. For each inch decrease in dual-spacing up to 10 in., the required thick- 
ness should be increased by 0.6 percent. 

Similar correction factors cannot be applied for dual-tandem landing gears 
* other than that given in Fig. A402(c). If the spacings are changed appre- 
ciably, a special design chart can be developed. 


Discussion of this report should reach ACI headquarters in trip- 
licate by Oct. 1, 1958, for publication in the March 1959 JouRNAL. 


Title No. 55-3 


ACI Standard 


Specifications for Concrete Pavements 
and Concrete Bases (ACI 617-58)" 


Reported by ACI Committee 617 
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} Chairman 
E. A. ABDUN-NUR W. E. HAWKINS 
HAROLD ALLEN T. E. HOWELL 
A. A. ANDERSON FRED HUBBARD 
E. W. BAUMAN ; T. J. KAUER 
JOHN A. BISHOP PHILLIP L. MELVILLE 
FRANK B. BROWN BAILEY TREMPER 
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SYNOPSIS 


Specifications apply to construction of portland cement concrete pavements 
and bases under normal conditions for both highways and airports. Standards 
and specifications of several other organizations are incorporated by reference. 


Sources and acceptance standards for materials are given, as well as ma- 
terials testing procedures and procedures for test of concrete strength to be 
used as a basis for proportioning of mixtures. Specifications for the materials 
and construction of soil foundations for concrete pavements and concrete 
bases are included. Provision is made for use of foundations stabilized by a 
cementing agent, but materials and construction of such are beyond scope of 

' this specification. ; 

Materials, dimensions, setting, and removal of forms are treated. Con- 
struction methods are specified for forming joints, installation of joint seal 
and load transfer devices, and placing of reinforcement. Concrete propor- 
tioning based on design for minimum strength is covered in detail; propor- 
tioning based on fixed cement content is allowed. 


Other sections cover production of high-early-strength concrete and the 
handling and mixing of materials. Detailed requirements are given for 
placing, finishing, and curing of pavement concrete. Check of thickness of 
finished pavement is cited as basis for adjustments in payment to contractor. 
Protection of finished pavement, opening it to traffic, and public use of thor- 
oughfare during construction are also specified. 


*Adopted as a standard of the American Concrete Institute at it its 54th annual convention, Feb. 25, 1958, as 
__ reported by Committee 617; ratified by letter ballot June 1, 1958. Title No. 55-3 is a part of copyrighted JOURNAL — 
‘4 oF THE AMERICAN CONCRETE INSTITUTE, V. 30, No. 1, July 1958, Proceedings V. 55. Title No. 55-3 supersedes 
‘ _ Title No. 47-49 published in May 1951. Separate prints in covers are available at 50 cents each to ACI members 
_ ($1.00 to nonmembers). Discussion of this report (copies in triplicate) should reach the Institute not later than 
Oct. 1, 1958. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. 
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CHAPTER 1—INTRODUCTION 


101—Scope 

(a) These specifications apply to the construction of portland cement con- 
crete pavements and bases under normal conditions for both highways and 
airports, including the preparation of the subgrade, and shall govern unless 
modified by special provisions to take into account unusual conditions of 
traffic, subgrade, drainage, exposure, and other factors. 


(b) Subjects covered include: materials; proportions of materials based on 
design for minimum strength or based on uniform cement factor; measurement 
and handling of materials; mixing; high-early-strength concrete; subgrade 
and subbase preparation; forms; installation of joints and reinforcement; 
placing and finishing concrete; and curing. 


102—Reference specifications cited in this recommendation 


The specifications of the American Society for Testing Materials, American 
Association of State Highway Officials, the federal government, and standards 
of the American Concrete Institute referred to in these specifications are listed 
below with their serial designations including the year of latest revision where 
applicable. These specifications or the latest revisions thereof are declared to 
be a part of this specification, the same as if fully set forth elsewhere herein: 


ACI standards 


- Recommended Practice for the Design of Concrete Pavements (ACI 325-58) 
Recommended Practice for Winter Concreting (ACI 604-56) 


_ ASTM specifications 

A15-54T Tentative Specifications for Billet-Steel Bars for Concrete Reinforcement 

A 16-54T Tentative Specifications for Rail-Steel Bars for Concrete Reinforcement 

A 160-54T Tentative Specifications for Axle-Steel Bars for Concrete Reinforcement 

A 184-37 Standard Specifications for Fabricated Steel Bar or Rod Mats for Concrete 
Reinforcement 

A185-54T Tentative Specifications for Welded Steel Wire Fabric for Concrete Rein- 
forcement 

A 305-53T Tentative Specifications for Minimum Requirements for the Deformations 
of Deformed Steel Bars for Concrete Reinforcement 

C 10-54 Standard Specifications for Natural Cement 

C 31-49 Standard Method of Making and Curing Concrete Compression and 
Flexure Test Specimens in the Field - 

C33-55T Tentative Specifications for Concrete Aggregates 

C 39-49 Standard Method of Test for Compressive Strength of Molded Concrete 
Cylinders 

C 78-49 Standard Method of Test for Flexural Strength of Concrete (Using Simple 
Beam with Third-Point Loading) 

C94-55T Tentative Specifications for Ready-Mixed Concrete 

C 127-42 Standard Method of Test for Specific Gravity and Absorption of Coarse 
Aggregate® 

C 128-42 Standard Method of Test for Specific Gravity and Absorption of Fine 
Aggregate 

C 138-44 Standard Method of Test for Weight per Cubic Foot, Yield, and Air Con- 
tent (Gravimetric) of Concrete 


« 
nbs, 


a ee ea 


ews \Si ita 


C 148-52 
C 150-55 
C 171-53 


C 172-54 
C 173-55T 


C 174-49 
C 175-55 
C 192-55 


C 205-53T 
C 231-54 


C 260-54 
C 309-53T 


C 340-55T 
€ 350-54T 


C 358-55T 
C 360-55T 


D 98-56T 
D 544-52T 
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Standard Method of Test for Slump of Portland-Cement Concrete 
Standard Specifications for Portland Cement 

Standard Specifications for Waterproof Paper for Curing Concrete (Tenta- 
tative Revision of Specifications C 171 issued June 1955) 

Standard Method of Sampling Fresh Concrete 

Tentative Method of Test for Air Content of Freshly Mixed Concrete by 
the Volumetric Method 

Standard Method of Measuring Length of Drilled Concrete Cores 
Standard Specifications for Air-Entraining Portland Cement 

Standard Method of Making and Curing Concrete Compression and 
Flexure Test Specimens in the Laboratory : 
Tentative Specifications for Portland Blast-Furnace Slag Cement 
Standard Method of Test for Air Content of Freshly Mixed Concrete by 
Pressure Method 

Standard Specifications for Air-Entraining Admixtures for Concrete 
Tentative Specifications for Liquid Membrane-Forming Compounds for 
Curing Concrete 

Tentative Specifications for Portland-Pozzolan Cement 


55 


Tentative Specifications for Fly Ash for Use as an Admixture in Portland _ 


Cement 

Tentative Specifications for Slag Cement 

Tentative Method of Test for Ball Penetration in Fresh Portland Cement 
Concrete 

Standard Specifications for Calcium Chloride 

Tentative Specifications for Preformed Expansion Joint Fillers for Con- 
crete (Nonextruding and Resilient Types) 


Federal specifications 


Cement, aggregates, admixtures, and water shall be furnished only from 
y the engineer before shipments are started, and 


sources of supply approved b 
meet the requirements of these 


may be used only so long as the materials S 
specifications. The basis of approval of such sources’ shall be the ability to 


| “produce materials of the quality and in the quantity required. 


SS-S-164 Sealer, Hot-Poured Type, for Joints in Concrete 
SS-S-156 Sealer, Cold-Application Emulsion Type, for Joints in Concrete 
S8-S-159 Sealer, Cold-Application Mastic Type, for Joints in Concrete 
AASHO specifications 
M 73-49 Standard Specifications for Cotton Mats for Curing Concrete 
— M 74-55 Standard Specifications for Subgrade Paper ; 
M 139-54 Standard Specifications for Waterproof Paper for Curing Concrete 
M 147-55 Standard Specifications for Materials for Soil Aggregate Subbase, Base, and 
Surface Courses 
T 26-51 Quality of Water to be Used in Concrete 
T 89-54 Standard Methods of Determining the Liquid Limit of Soils 
T 91-54 Standard Methods of Calculating the Plasticity Index of Soils 
.T 99-49 Standard Laboratory Method of Test for the Compaction and Density of 
Soil 
CHAPTER 2—MATERIALS 
-201—Sources 


' * 
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202—Requirements for materials 

(a) Admixtures—Materials other than cement, fine aggregate, coarse 
aggregate, and water for use in concrete pavement shall conform to the follow- 
ing specifications: 

1. “Specifications for Air-Entraining Admixtures for Concrete” (ASTM 
C 260). 

2. “Specifications for Fly Ash for Use as an Admixture in Portland Cement 
Concrete” (ASTM C 350). 

3. “Specifications for Calcium Chloride” (ASTM D 98). 

(b) Aggregates 

1. Aggregates shall conform to the requirements of “Specifications for 
Concrete Aggregates” (ASTM C 33). 

Coarse aggregate shall be furnished in at least two separate sizes with the 
separation at the 34-in. sieve when combined material graded from No. 4 to 
114 in. is specified and at the 1-in. sieve when combined material graded from 
No. 4 to 2 in. is specified. 

2. Aggregates shall be so stored as to prevent the inclusion of foreign 


material. Aggregates shall not be stored upon the finished subgrade. Aggre- 


gates of different kinds and sizes shall be placed in separate stockpiles. Stock- 
piles of coarse aggregates shall be built up in successive horizontal layers not 
more than 3 ft thick. Each layer shall be completed before the next is started. 
Should segregation occur, the aggregates shall be remixed to conform to the 
grading requirements. 

3. Frozen aggregates or aggregates containing frozen lumps shall be thawed 


| before use. Washed aggregates and aggregates produced or manipulated by 
- hydraulic methods shall be allowed to drain for at least 12 hr before use. 


C2 
4 
° 


a 


Stockpiles or cars and barges equipped with weep holes are considered to offer 


suitable opportunity for drainage. 


(ce) Cement—Cement for use in concrete pavements shall be as specified and 
shall conform to the requirements of applicable ASTM specifications listed. 
1. Cement may consist of any of the following types or combinations thereof: 
a. Portland cement (ASTM C 150) 
b. Air-entraining portland cement (ASTM C 175) 
c. Portland blast-furnace slag cement (ASTM C 205) 
2. Cement may consist of a blend of portland-type cement as above and one 
of the following other cements: 


ee a. Natural cement (ASTM C 10) 


hy -S 


aes 


a 
fy 


& 
* 


b. Slag cement (ASTM C 358) 

c. Portland-pozzolan cement (ASTM C 340) 
_ (d) Cover materials for curing 

1. Burlap shall be made from jute or hemp and, at the time of using shall 

be in good condition, free from holes, dirt, clay, or any other substance which 
interferes with fts absorptive quality. It shall not contain any substance 
which would have a deleterious effect on the concrete. Burlap shall be of such 
quality that it will absorb water readily when dipped or sprayed and shall 
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weigh not less than 7 oz per sq yd when clean and dry. Burlap made into 
mats may be used if care in handling is exercised to avoid marring the finished 
surface of the concrete. 

2. Cotton mats for curing concrete shall conform to the requirements of 
“Specifications for Cotton Mats for Curing Concrete” (AASHO M 73). 

3. Paper for curing concrete shall conform to the requirements of “Speci- 
fications for Waterproof Paper for Curing Concrete” (ASTM C 171), (AASHO 
M 139). 

4. Impermeable sheets other than paper shall conform to the water reten- 
tion requirements of “Specifications for Waterproof Paper for Curing Con- — 
crete” (ASTM C 171). | 

5. Liquid membrane-forming compounds shall conform with the require- 
ments of “Specifications for Liquid Membrane-Forming Compounds for 
Curing Concrete’ (ASTM C 309). 

(e) Expansion joint filler—Expansion joint filler shall conform to the re- 
quirements of “Specifications for Preformed Expansion Joint Fillers for Con- 
crete” (ASTM D 544). 

(f) Joint sealing material—Joint sealing material shall conform to the re- 
quirements of ‘Federal Specifications for Sealer; Hot-Poured Type, for 
Joints in Concrete” (SS-8-164); ‘Sealer, Cold-Application Emulsion Type, — 
for Joints in Concrete” (SS-S-156); or ‘Sealer, Cold-Application Mastic | 
Type, for Joints in Concrete’’ (SS-S-159). 

(g) Metal joint plate and pins—lIt plates are used for tongue-and-groove 
joints, they shall be made of metal not less than 16 gage (manufacturers’ 

_ standard gage for steel sheets) in thickness. Each section shall be a continuous 
strip of metal not less than 10 ft long having a width 14 in. less than the depth 
of the pavement and shall be provided with an end connection which will hold 
the ends of strips firmly together. Each section shall be of the specified cross — 
section, and shall be punched for dowels or tie bars, and pins, as specified or 
shown on the plans. : 

Pins shall be channel shaped, pressed out of sheet steel of not less than 12 
gage (manufacturers’ standard gage for steel sheets) in thickness; they shall be 
4 minimum of 15 in. in length or longer if necessary to provide proper support. 

(h) Reinforcing steel and accessories 

1. Steel wire fabric reinforcement shall conform to the requirements of 
“Specifications for Welded Steel Wire Fabric for Concrete Reinforcement” 
(ASTM A 185). 

2. Bar mats—The steel in bar mats shall conform to the requirements of © 
“Specifications for Bar or Rod Mats for Concrete Reinforcement” (ASTM 

A 184). Members shall be of the size and spacing shown on the plans. All 

intersections of longitudinal and transverse bars shall be securely wired, 
clipped, or welded together in the plant of the steel supplier. | 

8. Bars—Reinforcing bars shall conform to the requirements for interme-- 

‘diate or hard grade in ‘‘Specifications for Billet-Steel Bars for Concrete Re- 
- *jnforcement’”’ (ASTM A 15), or of “Specifications for Rail-Steel Bars for Con- 
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crete Reinforcement” (ASTM A 16), or of “Specifications for Axle-Steel Bars 
for Concrete Reinforcement” (ASTM A 160). Bars depending upon bond for 
their effectiveness shall conform to the requirements of “Specifications for 
Minimum Requirements for the Deformations of Deformed Steel Bars for Con- 
crete Reinforcement” (ASTM A 305), and shall be free from excessive rust, 
scale, or other substances which prevent the bonding of the concrete to the 
reinforcement. 

4. Tie bars shall be deformed steel bars conforming to the requirements of 
the specifications for reinforcing bars except that structural-grade steel bars, 
only, shall be used where they are to be bent and restraightened. Joint hook 
bolts may be used as an alternate to tie bars. Such bolts shall not be less 
than 14 in. in diameter and should be equipped with threaded couplings. 

5. Dowels and sleeves shall be plain round bars conforming to the require- 
ments of the specifications for reinforcing bars. Dowel bars shall not be 
burred, roughened, or deformed out of round in such a manner as to affect 
slippage in the concrete. 

When metal sleeves are used, they shall cover the ends of the dowels for 


- not less than 2 in. nor more than 3 in. The sleeve shall be closed at one end 


and shall have a suitable stop to hold the end of the bar at least 1 in. from the 


closed end of the sleeve. It shall be of such rigid design that the closed end 
will not collapse during construction. 
6. Chairs for holding tie rods in correct position while the concrete is being 


- placed shall be made of metal, minimum 16 gage (manufacturers’ standard gage 
_ for steel sheets) in thickness, a minimum of 11 in. in length and 1 in. in width. 


This material shall be slightly rounded in the 14-in. dimension and shall be 


- tapered slightly at the bottom to facilitate driving into the finished grade. 


7. Stakes used to support expansion joint fillers shall be channel or U- 


x shaped metal, 34 in. wide, 3 in. deep, and not less than 16 gage (manufacturers’ 
_ standard gage for steel sheets) in thickness. They shall be a minimum of 15 
in. in length or longer if necessary to provide proper bearing support. 


(i) Subgrade paper—Paper to be used under the slab shall conform to the 


- requirements of “Specifications for Subgrade Paper” (AASHO M 74). 


(j) Water—Water used in mixing or curing concrete shall be clean and free 
from injurious amounts of oil, salt, acid, vegetable, or other substances harm- 


; ful to the finished product. Sources of water shall be maintained at such a 
_ depth, and the water shall be withdrawn in such a manner (by enclosing 
_ pump intake, etc.), as to exclude silt, mud, grass, or other foreign materials. — 
ee ‘Water shall be secured from previously approved sources or sources approved 
___ after testing in accordance with “Quality of Water to be Used in Concrete” 
_ (AASHO T 26). 


CHAPTER 3—TEST OF MATERIALS 


301—Test methods 


. Materials shall be tested in accordance with methods referred to in th 
appropriate specifications, except as otherwise specified. 
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302—Flexural strength tests of concrete as basis of design 


Specimens for flexural strength tests to be used as the basis for the design 
of concrete mixtures shall be molded and cured in accordance with ‘‘Method 
of Making and Curing Concrete Compression and Flexure Test Specimens in 
the Laboratory” (ASTM C192). Specimens shall be tested in accordance 
with ‘Method of Test for Flexural Strength of Concrete (Using Simple Beam 
with Third-Point Loading)” (ASTM C 78). 


303—Flexural strength tests of concrete 


(a) Two groups of flexural strength specimens shall be made in the field 
in accordance with ‘Method of Making and Curing Concrete Compression 
and Flexure in the Field” (ASTM C 31). One of these groups shall be for 
curing in accordance with Sections 7(a) and (b) of that standard and one for 
curing in accordance with Sections 7(a) and‘(c). The first group shall be for 
the purpose of checking the adequacy of the laboratory design for the condi- 
tions of proportioning and mixing on the job. The second group shall be for 
checking the adequacy of curing and other job conditions which determine 
when the structure may be put in service. 


(b) Specimens for checking laboratory design shall be tested in accordance 

with “Method of Test for Flexural Strength of Concrete (Using Simple Beam 
with Third-Point Loading)” (ASTM C 78). Specimens tested after curing in 
the field should be tested in accordance with ASTM C 78. If another type of 
testing machine is used, results with it should be correlated with those at- 
tained from the standard apparatus. 


(c) Number of specimens—At least three beams, for each of the two curing 
methods, shall be made for at least each 2000 sq yd of pavement or a portion 
_ thereof placed on any one day. 


304—Compressive strength of concrete 


The compressive strength test specimens of concrete for use in design 
shall be made and cured in accordance with ‘Method of Making and Curing 
Concrete Compression and Flexure Test Specimens in the Laboratory” 
(ASTM.-C 192). They shall be tested in accordance with ‘‘Method of Test for 
Compressive Strength of Molded Concrete Cylinders” (ASTM C 39). 


305—Specific gravity and absorption of aggregates 


(a) Fine aggregate—The bulk specific gravity in a saturated surface dry 

condition and absorption of fine aggregate shall be determined in accordance 

with “Method of Test for Specific Gravity and Absorption of Fine Aggregates” 
~ (ASTM C 128). - 


_ (b) Coarse aggregate—The bulk specific gravity in a saturated surface dry 
; condition and absorption of coarse aggregate shall be determined in accord- 
‘ance with “Method of Test for Specific Gravity and Absorption of Coarse 
“Aggregate” (ASTM C 127). 


- 307—Consistency 
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306—Air content ; 
The air content of plastic concrete shall be determined in accordance with 


ASTM standard methods of test for air content: (1) gravimetric, C 138; 
(2) volumetric, C 173; or (3) pressure method, C 231. For concretes made 
with blast furnace slag or similar aggregates, the volumetric (rolling) method 


shall be used. 


(a) Consistency shall be determined in accordance with ‘“‘Method of Slump 
Test for Consistency of Portland Cement Concrete” (ASTM C 143) or ‘‘Meth- 
od of Test for Ball Penetration in Fresh Portland Cement Concrete” (ASTM 
C 360). 

(b) fae the penetration method is used for field control, specified slumps 
shall be converted to equivalent penetrations by factors established in ad- 
vance during tests as a basis for design. 


CHAPTER 4—SOIL AND SUBBASE FOUNDATION PREPARATION 


401—Scope 

Specifications for the materials and construction of soil foundations for 
concrete pavements and concrete bases are given. Provision is made for the 
use of foundations stabilized by a cementing agent, but materials and con- 
struction of such foundations are not within the scope of this specification. 


402—Definitions 
The following definitions shall apply in these specifications where appli- 


cable: 


Embankment foundation—The material on which an embankment is placed. 

Embankment (fill)—A raised structure of soil, soil-aggregate, or rock. 

Subgrade—The prepared and compacted soil below the pavement system. 

Subbase—The layer used in a pavement system between the subgrade and the base 
course. * 

Soil-aggregate base courset+—The layer used in a pavement system to reinforce or protect 
the subgrade or subbase. 

- Concrete base course—The layer used in a pavement system to reinforce and protect the 

subgrade or subbase, and to support a wearing course of other material. 

Silt-clay (minus No. 200 material)—Fine soil particles which will pass the No. 200 sieve. 
(a) Silt fraction—Material passing the No. 200 sieve and larger than 0.005 mm, 
(b) Clay fraction—Material smaller than 0.005 mm including colloids which are the 

particles of the clay fraction smaller than 0.001 mm. 


~ 403—Soil fill material 


All material used in earth fills must meet the following specifications and 


_ may be rejected on visual inspection pending the testing of samples. 


(a) Fill material shall be a well-graded combination of granular material 
and silt-clay soil. The material shall have at least 60 percent retained on, 


*Concrete pavement is usually placed directly upon the subgrade or subbase and performs both the functions of a 

wearing surface and base. : 

Mant, dis bane course Ziateriel chal cantons we the cequitoreats fir subieas mated aitnmnnt ia eee 
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and at least 10 percent passing the No. 200 sieve. No gravel or stone shall be 
larger than one-third the depth of the layer to be placed. The soil shall have 
a liquid limit, as determined by ‘Methods of Determining the Liquid Limit 
of Soils’ (AASHO T 89), not greater than 40 and a plasticity index as deter- 
mined by ‘Method of Calculating the Plasticity Index of Soils” (AASHO 
T 91) of not more than 10. The material to be used shall be free from trash, 
brick, broken concrete, tree roots, sod, ashes, or cinders. 

(b) Materials other than specified may be used if approved by the engineer 
and the required densities are attained. 3 
(c) Samples will be taken whenever in the opinion of the engineer the 

texture of the material appears to be changing. 

(d) Contractors desiring approval of the sources of a material shall submit 
samples at least one week in advance of the desired date of approval. Accept- 
ance of material from any location shall not be construed as approval of the 
entire location but only insofar as it continues to meet the specifications. 


404—Subbases 
(a) Material—The subbase material shall meet the requirements as specified 


in “Specifications for Materials for Soil-Aggregate Subbase, Base and Sur- 


face Courses” (AASHO M 147). 


Aye eae ee 
y ; 


(b) Gradation—The subbase material shall be well graded. Of the material 
passing the No. 10 sieve, not more than 25 percent should pass the No. 200° 
sieve. Also the percentage of material passing the No. 200 sieve should not 
be greater than two-thirds the percentage passing the No. 40 sieve. 

(c) Plasticity requirements—The portion of the subbase material that passes 
the No. 40 sieve shall have a maximum liquid limit of 25 and a maximum 
plasticity index of 6. 

(d) Non-frost susceptibility—Where freezing of soil moisture under the 
pavement is probable, the subbase shall be of a non-frost susceptible material. 
Gradation requirements of non-frost susceptible materials vary from a maxi- 
mum of 8 percent finer than 0.02 mm for uniform sands to 3 percent finer than 
0.02 mm for other nonuniform granular material. 

(e) Stabilized subbases—Granular or soil materials adequately stabilized 
with a cementing agent may also be used as directed by the engineer. 


4 -405—Compaction : 


(a) Equipment—Compaction may be accomplished by means of smooth 


rollers, pneumatic tired rollers, tamping, or sheep’s-foot rollers. The equip- 
ment selected shall be capable of compacting the soils to density require- — 
ments hereinafter specified. 


When compaction is to be accomplished in places inaccessible to rolling, 
adequate mechanical tampers shall be used to obtain proper density. eae 
(b) Procedures—Regardless of the method used, soils and rock-soil mix- 


tures shall be compacted at moisture contents near those established by com- 
- paction and other laboratory tests as the optimum moisture content for the 


particular soil. A rather wide range on either side of the “optimum” moisture 
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content may be used for silty-clay soils. However, silty soils are extremely 
sensitive to changes of moisture, and must be compacted at moisture con- 
tents at or slightly below the optimum moisture content. Since most shales 
will disintegrate under freezing and thawing or wetting and drying condi- 
tions, shales must be compacted in at least a semi-disintegrated condition. 
Coarse-textured granular materials are best compacted by vibratory pro- 
cedures. The use of water during the compaction of sands will provide a 
well compacted material without a detrimental dust condition. 


(c) Consolidation of road foundation—All fills, base courses, and subbases ° 


shall be compacted in layers generally not greater than 9 in. loose depth. 
Each layer shall be compacted to minimum density not less than 95 percent 
expressed as a percentage of the maximum density and determined by “‘Lab- 
oratory Method of Test for the Compaction and Density of Soil” (AASHO 
T 99). 


406—Testing and correcting the subbase 

Immediately prior to placing concrete, the subbase shall be tested for con- 
formity with the cross section shown on the plans by means of an approved 
template riding on the side forms. If necessary, material shall be removed 
or added, as required, to bring all portions of the subbase to the correct eleva- 
tion. It shall then be thoroughly compacted and again tested with the tem- 
plate. Concrete shall not be placed on any portion of the subbase which has 


not been tested for correct elevation. 


If the soil subbase is disturbed after acceptance, it shall be reshaped and 
compacted without additional compensation. Payment for compacting the 
subbase shall be included in the contract prices for subbase. 


- 407—Placing subgrade paper 


When specified, the subbase, after it has been shaped and compacted, shall 
be covered with subgrade paper. Adjacent strips of paper shall lap 4 in. 
and ends shall lap 12 in. After being placed on the subbase care should be 
exercised to keep the paper intact. 


 408—Wetting the subbase 


Except where subgrade paper is required, the subbase shall be thoroughly 
wetted a sufficient time in advance of the placing of the concrete to insure 
that there will be no puddles or pockets of mud when the concrete is placed. 


409—Grading stakes , 
Grading stakes shall be protected by the contractor. Stakes which become 

_ disturbed shall be reset at the contractor’s expense. 

410—Clearing right-of-way 


Where fills are less than 10 ft high, all sod, underbrush, trees, tree stumps, 
and saplings shall be grubbed and entirely removed; when fills more than 10 
ft high are to be made, the ground shall be cleared of all underbrush, and all 
trees and saplings shall be cut off not over 1 ft above the ground. 
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411—Solid rock 

Solid rock (boulder of 1 cu yd or more in content, or ledges in their original 
bed) shall be removed 6 in. below grade and shall be paid for at the contract 
price per cu yd of solid rock. 


412—Removal of unsuitable material 

All unsuitable material shall be removed to a depth of at least 18 in. below 
the finished surface of the subbase. The contractor will be paid for the work 
at the prices bid for grading and materials used. 


413—Excavated materials 

Material excavated in cuts may be used in fills on the job provided the 
material conforms to the specifications for fill materials contained herein. 
Excess or unsuitable material shall be disposed of by the contractor at his 
expense. f 

Any excavation of approved soil below the surface of the subbase as shown ~ 
on the plans shall be refilled with approved material compacted as provided 
herein for filling and compaction at the contractor’s expense. 


414—Borrowed material 

Borrowed material shall be secured from pits indicated on the plans. If 
no such location is indicated or the quantity of the material at the pits is 
insufficient, the contractor shall furnish material conforming to the require- 
ments of these specifications. Payment shall be made for such material at 
the price bid for borrow per cu yd. 


415—Payment for grading © 

(a) The contract prices for grading shall include: the cost of excavating 
and filling; clearing and grubbing; excavating and removing unsuitable ma- 
terials as required; shaping the subgrade to the prescribed lines and grades; 
sloping cuts, intersections, and approaches; rolling or tamping below the sub- 
grade in the case of fills; and in connection with street construction, sloping 
and filling between the curb and sidewalk pavement, and grading and shaping 
of sidewalk spaces where shown on the plans. Payment shall be made at 
price bid per cu yd computed to the grades and slopes shown on the plans. 

(b) If separate subbase and/or base, if required, is built of selected ma- 
terial during the grading operations, the payment for same shall be separate. 


CHAPTER 5—FORMS 


- 501—Material and dimensions 


Side forms shall be made of metal having a thickness of not less than ey it in. 


: aa shall have a depth equal to the specified edge thickness of the concrete. 
- Building up of forms shall not be permitted. Flexible or curved forms of © 


proper radius shall be used for curves of 100 ft radius or less. Forms shall not 
deflect more than 14 in. when tested as a simple beam with a span of 10 ft 
Tand a load equal to that which the finishing machine or other construction 
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equipment will exert upon them. Forms 8 in. or more in height shall be at 
least 8 in. wide at the base; forms less than 8 in. in height shall have a base 
width at least equal to the height of the forms. The flange braces must ex- 
tend outward on the base not less than two-thirds the height of the form. 
The forms shall be free from warp, bends, or kinks. The top of the form 
shall not vary from a 10-ft straightedge by more than 1 in. at any point and 
the side of the form by more than 4 in. 


502—Form support 

The soil foundation under the forms shall be compacted and cut to grade so 
that the forms, when set, shall be uniformly supported for their entire length 
and at the specified elevations. Such soil foundation found to be below estab- 
lished grade at the form line shall be filled to grade in lifts of 14 in. or less for 
18 in. on each side of the base of the form and thoroughly re-rolled or tamped. 
Imperfections and variations above grade shall be corrected by tamping or by 
cutting, as necessary. 


503—Grade alignment y 

The alignment and grade elevations of the forms shall be checked and the 
necessary corrections made by the contractor immediately before placing the 
concrete. When any form has been disturbed or any subgrade thereunder 


has become unstable, the form shall be reset and rechecked. 


504—Staking forms 

Forms shall be staked with three or more pins for each 10-ft section. A 
pin shall be placed adjacent to each side of every joint if required. Form 
sections shall be tightly joined by a locked joint free from play or movement 
in any direction. Forms shall be cleaned and oiled prior to the placing of 
concrete. 


_ 505—Advance setting 


Forms shall be set sufficiently in advance of the point where concrete is 
being placed as to permit proper progress and inspection of the work. At least 
300 ft is desirable. 
506—Removal of forms 

Forms shall remain in place at least 12 hr after placing the concrete. If 


the air temperature is below 50 F at any time during the 12-hr period from 


the time the concrete is placed, the forms shall not be removed until 36 hr 


after placing of the concrete, unless high-early-strength concrete is being used. 


Curing of the exposed concrete shall begin immediately upon removal of 


the forms as required in Section 1101(b). 


‘CHAPTER 6—INSTALLATION OF JOINTS AND REINFORCEMENT 
601—General 


(a) All logitudinal and transverse joints shall conform to the details and 
positions shown on the plans. 


z 
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or in the plans or in the special provisions. 
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(b) All transverse joints shall be constructed in line for the full width of 
the pavement. 

(c) All joints shall be constructed true to line with their faces perpendicular 
to the surface of the pavement. Joints shall not vary more than 14 in. from a 
true line or from their designated position. When plates are used, the joint 
shall be over the plate and the plate shall not vary more than 4 in. from a true 
line. 

(d) The surface of the pavement adjacent to all joints shall be finished 
to a straight line profile across all joints and shall be edged to a radius of 
14 in, or as otherwise shown on the plans. The surface across the joints shall 
be tested with a 10-ft straightedge as the joints are finished, and any irregu- 
larities in excess of 14 in. shall be corrected before the concrete has hardened. 

(e) Keyways, when required, shall be accurately formed with templates of 
metal or wood. The gage, or thickness, of the material in the template shall 
be such that the full keyway as specified is formed. 


602—Longitudinal joints 

(a) Metal keyway joints—Longitudinal ‘‘metal strip” joints shall be formed 
by installing a metal parting strip to be left in place, meeting the require- 
ments of Section 202(g). The metal strip shall be held securely in place, 
true to line and grade, by steel pins, meeting the requirements of Section 
202(g), spaced at intervals that average not less than 3 ft and in no case 
more than 4 ft. The sections shall be securely fastened by lapping and pin- 
ning, by means of a slip joint, or other approved method. The contractor 
shall furnish an approved gage to ride on the side forms for checking the 
position of the parting strip before concrete is placed against it. 

(b) Weakened plane joints—Longitudinal “dummy groove’’ or weakened 
plane joints shall be formed in the concrete by one of the following methods, 


as specified: 


a. 


1. By making a groove in the plastic concrete with a suitable tooling de- 


~ vice, and groove shall extend vertically downward from the surface to the re- 


quired depth. The groove when formed by this method shall be 34 in. wide 
at the surface and 14 in. wide at the bottom unless otherwise specified. 

2. By sawing a groove in the concrete to the required minimum depth, 
and with a minimum width of cut of 14 in. unless otherwise directed by the 
engineer; the required width may be secured by using two saw blades sep- 
‘arated by spacers of proper thickness. The timing and order of sawing shall 


be directed by the engineer. 


(c) Construction joints—Longitudinal construction joints (i.e. joints be- 
tween slabs placed separately) shall be formed by the use of standard steel 
‘side forms with keyway, unless otherwise indicated in the plans. Provision 
‘shall be made for the installation of tie bars as noted in these specifications, 


; 


-(d) Tie bars—Tie bars not less than 14 in. in diameter and 30 in. long, 


unless otherwise specified, shall be placed across all longitudinal joints. Tie 


2 


~ 
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bars shall be placed at right angles to the centerline and shall be spaced at 
intervals of 30 in. unless otherwise shown on the plans. They should be held 
in a position approximately parallel to the transverse axis of the pavement 
and midway between the top and bottom surfaces of the slab. Tie bars may 
be bent at right angles against the form at longitudinal construction joints if 
permitted, unless threaded bolt or other assembled tie bars are required. Joint 
hook bolts conforming to the provisions of Section 202(h)4 may be used. The 
hook bolt. and coupling should be provided with an approved fastener for at- 
tachment to the pavement form to maintain them in corrected position during 
concreting and subsequent removal of the forms. 


603—Expansion joints at structures 

Expansion joints shall be formed about all structures and features pro- 
jecting through, into or against the pavement. Unless otherwise indicated on 
the plans, such joints shall be not less than }4 in. thick and shall be of the 
premolded type. 


604—Transverse expansion joints 
Transverse expansion joints shall be constructed at right angles to the 
centerline of the pavement, unless otherwise required, and shall extend the 
full width of the pavement. 3 
(a) Premolded expansion joints—Transverse expansion joints shall be formed 
by securely staking in place an approved load transfer device (Section 608) 
consisting of an assembly of dowels, supporting and spacing means, and pre- 
molded joint filler. The filler shall extend the full width of the pavement. The 
bottom edge of the filler shall extend downward to or slightly below the bottom 
of the slab, and the top edge, unless otherwise prescribed, shall be held about 
14 in. below the surface of the pavement to allow the finishing operations 
‘to proceed continuously. The top edge of the filler shall be protected, while — 
the concrete is being placed, by a metal channel cap of at least 44-in. material, 
having flanges not less than 11 in. deep. | 
The joint assembly shall be protected against damage until it is installed in 
the work. Joints damaged during transportation, or by careless handling, or ; 
while in storage shall be replaced or repaired by the contractor. Damaged or | 
repaired joints shall not be used until they have been approved by the engineer, | 
(b) Premolded joint filler—The designated premolded joint filler shall be | 
appropriately punched to the exact diameter and at the location of the dowels. 
It shall be furnished in lengths equal to one-half the designated width of the 
slab. Where more than one section is used in a joint, they shall be securely 
placed or slipped together. The premolded joint filler shall be placed on the 
side of the installing bar nearest the mixer. The bottom edge of the filler 
shall extend downward to or slightly below the bottom of the slab, and the top 
edge, unless otherwise prescribed, shall be held about 1% in. below the surface 
of the pavement in order to allow the finishing operations to proceed con- 
tinuously. The top edge of the filler shall be protected while the concrete is 
being placed, by a metal channel cap of at least 10 gage material, having 


¢ : 
~~ eS 


CONCRETE PAVEMENTS AND CONCRETE BASES 67 


flanges not less than 11% in. deep. The installing device may be designed 


with this cap self-contained. 


605—Transverse contraction joints 

(a) Metal strip type—Transverse ‘‘metal strip’ contraction joints shall 
be formed during the placing of the concrete by installing a metal parting strip 
to be left in place. This strip shall conform to the requirements for type, 
gage, shape, and dimensions shown on the plans or indicated in the special 
provisions and shall be securely staked in place. This strip shall be tem- 
porarily capped with a metal channel cap. The dowel assembly, Section 608, 
and the method of placing it shall be as indicated for transverse expansion 
joints, except that sleeves or caps on dowels will not be required. Concrete 
shall be deposited as for transverse expansion joints. After the longitudinal 
floating has been completed but before the surface is finished, the metal cap 
shall be removed and the concrete edged, and the joint sealed as required 
for expansion joints. 

(b) Weakened plane joints—Transverse “dummy groove” or weakened 
plane joints shall be constructed in the same manner as provided for weak- 
ened plane joints for longitudinal joints, Section 602(b), except that such 
joints shall be provided with slip dowels or other load transfer devices of the 
type, size, and arrangement shown on the plans. The spacing and depth 
shall be as indicated on the plans. 


_606—Weakened plane warping joints 


Weakened plane warping joints, when specified, shall be constructed in 
the locations shown on the plans and in the same manner as the weakened 
plane contraction joints except that the load transfer devices shall be omitted 
and the pavement reinforcing shall extend through the joint. 


607—Transverse construction joints 
Unless other prescribed joints occur at the same points, transverse con- 
struction joints shall be made at the end of each day’s run or where inter- 


- ruption of more than 30 min occurs in the concreting operations. 


Transverse construction joints shall be formed by staking in place a bulk- 
head of timber approximately 4 in. wide and of the same depth as the thick- 
ness of the concrete pavement slab to be laid. | 

Transverse construction joints shall not be formed so as to make a slab — 
less than 10 ft in length, and if sufficient concrete is not mixed to form a 
slab at least 10 ft in length, the joints shall be formed at the preceeding joint | 
location and the excess concrete disposed of as directed by the engineer. 

- The spacing of subsequent transverse joints shall be measured from the 
transverse construction joint last placed. 


- 608—Load transfer devices is 


(a) Dowel bars—Dowel bars at least 34 in. in diameter, 16 in. long and 
spaced at 12 in. center-to-center, or other approved type of load transfer 


Ee device, shall be placed across all transverse joints, except warping joints and 


a designed template. On widened curves, the longitudinal center joint shall be 


68 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE July 1958 


joints in base, in the manner shown on the plans. Dowels shall be placed at 
the middle of the slab depth and held rigidly in proper horizontal and vertical 
alignment by an approved dowel assembly device [Section 604(a)] to be left 
permanently in place. A tolerance of not more than \% in. in 12 in. from 
correct alignment, either vertical or horizontal, will be permitted. 

(b) Dowel coating—The free or unbonded end of each dowel shall be painted 
over one-half its length with one coat of lead or asphaltic paint. When the 
paint has dried, the free end of each bar shall be thoroughly coated with a 
thin brush coat of MC-2 immediately before it is placed in position. The free 
ends of the dowel bars for expansion joints shall be provided with a metal 
dowel sleeve conforming to the dimensions shown on the plans, or as approved 
by the engineer. 


609—Installation of joints 
(a) If the paving mixer is operated from the shoulder, the joints shall be 
set immediately after the final testing of the subgrade. If the paving mixer 
is operated from the subgrade, the joints shall be set immediately after it 
moves forward, so as to permit as much time as possible for proper installation. 
(b) The assembled joint shall be put in place on the prepared subgrade. 
Transverse joint assemblies shall be placed at right angles to the center line 


of the pavement. The top of the joint assembly shall be set at the proper © 


distance below the pavement surface and the elevation checked by a properly 


so placed that it will be, as nearly as practicable, equidistant from the edges 
of the slab. The joint shall be set to the required line and grade and shall 
be securely held in the required position by stakes or an approved installing 
device [Section 604(a)] or both during the placing and finishing of the concrete. 
Joints shall be installed so that the concrete pressure will not disturb their 
alignment. The joints shall be vertical and no joint shall deviate more than 
-Yy in. in horizontal alignment either way from a straight line. If joints are 
constructed in sections, there shall be no offsets between adjacent units. 
Dowel bars shall be checked for exact position and alignment as soon as the 


¥e - joint is staked in place on the subgrade, and the joint shall be tested to de- 
termine whether it is firmly supported. Any joint not firmly supported shall 


be reset. : 


— 610—Joint sealing 
(a) The top of expansion joints and all edged joints shall be sealed with the 


aa specified sealing material before traffic is permitted on the pavement. The 


joint opening shall be thoroughly cleaned of all foreign matter before the 
sealing material is placed. All contact faces of the joint shall be cleaned 


with a wire brush to remove loose material, and shall be surface dried when 


hot-poured sealing material is used. 

(b) The sealing material shall be poured or placed into the joint opening 
to conform to the details shown on the plans or as directed by the engineer. 
The pouring shall be done in such a manner that the material will not be 
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spilled on the exposed surfaces of the concrete. Any excess material on the 


‘surface of the concrete pavement shall be removed immediately and the 


oes 
et oe 


pavement surface cleaned. 

(c) When required to prevent tackiness or pickup under -traffic, the ex- 
posed surfaces of the sealer shall be dusted with an approved material. Other 
methods of preventing pickup under traffic may be used when approved 
by the engineer. 

(d) Poured joint sealing materials shall not be placed when the air tem- 
perature-in the shade is less than 50 F except by the approval of the engineer. 


611—Placing reinforcement 

(a) Steel reinforcement shall consist of welded fabric or bar mats in accord- 
ance with Section 202(h) of these specifications. Reinforcing steel shall be 
free from dirt, scale, or other foreign matter, and rust of such degree of de- 
velopment as to impair bond of the steel with the concrete. The width of 
fabric sheets or bar mats shall be such that, when properly placed in the work, 
the extreme longitudinal members of the sheet or mat will be located not 
less than 3 in. nor more than 6 in. from the edges of the slab. Except for 
warping joints, the length of fabric sheets or bar mats shall be such that, when 
properly placed in the work, the reinforcement will clear all transverse joints 
by not less than 2 in. nor more than 4 in. as measured from the center of the 
joint to the tip ends of the longitudinal members of the sheet or mat. 

(b) When bar assemblies are shown on the plans, the reinforcing bars 
shall be firmly fastened together at all intersections. Adjacent ends shall 
lap not less than 20 diameters. 

(c) Where bars are fabricated into mat form by positive welding at all 


intersections, the lap may be of such length as will permit cross bars to over- 


lap each.other by at least 2 in. The same requirements apply to end laps and 
side laps. ; 

(d) Steel fabric sheets shall be lapped a distance at least equal to the 
spacing between wires. 

(e) Reinforced concrete shall be placed in two operations. The initial 


layer shall be uniformly struck off ata depth not less than 2 in. nor more 


than one-third the total depth of slab below the proposed surface of the pave- 
ment, and the reinforcement placed thereon. The concrete shall be struck 
off to the entire width of the pour and a sufficient length to permit the sheet 
or mat of reinforcement to be laid full length on the concrete in its final posi- 
tion without further manipulation of the reinforcement. The balance of the re- ; 


~ quired concrete shall be placed on the reinforcement. Displacement of the 
reinforcement during concrete operations shall be prevented. 


CHAPTER 7—CONCRETE PROPERTIES AND PROPORTIONS OF MATERIALS ~ 


701—Basis of proportions 
The proportions of water, cement, and aggregates Shall be in accordance 


43 “with proportions based on design for strength (Section 703) or in accordance 
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in. for vibrated concrete. 


— for Design of Concrete Pavements’? (ACI 325), shall be not less than 4000 psi 


If known characteristics of the available cements and aggregates or pre- 
_ liminary tests in accordance with Section 302 indicate difficulty in attaining 


- specified provided the slab thickness is designed accordingly. In the case of 
the 650 psi strength the adequacy of the laboratory design is confirmed if at — 
least 80 percent of all flexural strength test results of specimens molded in 
accordance with Section 303(a) and cured in accordance with Sections 7(a) 
and (b) of ASTM C 31 referred to therein, shall be equal to or greater than 
600 psi and the average of any four consecutive tests shall be equal to or 
greater than 600 psi. In the case of the 600 psi strength the adequacy of 
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with proportions based on uniform cement factor (Section 704) as specified 
in the special provisions. 


702—Air content 

When concrete is made with an air-entraining cement or air-entraining 
admixture, the percentage of air shall be maintained between 4 and 7 percent 
as determined by methods stated under Section 306 of these specifications. 
Where frost action is not a factor and the entrained air is used for the purpose 
of improving the properties of the fresh concrete, these limits may be reduced 
to 2 and 5 percent. 


703—Proportions based on design for minimum strength 

(a) Proportions—The proportions of cement, fine aggregate, coarse aggre- 
gate, and water to be used in the mix shall be determined by the engineer, 
within the limits of Sections 703(b), 703(¢), and 703(d), by laboratory tests 
of the flexural strength of concrete made with aggregates from the same 
sources and of the same gradings as will be employed in the work and that 
portland cement which is found to produce the lowest strength concrete of 
any acceptable cement which will be used in the work. 

(b) Consistency—The mixture determined upon shall produce workable 
concrete having a slump of 114 to 8 in. for unvibrated concrete, or 44 to 1% 


(c) Strength 
1. The average compressive strength, for use with the allowable stresses 
for design of dowels and tie bars as recommended in ‘““Recommended Practice 


at 28 days, when specimens are molded and tested in accordance with Section 
304. 


2. The average flexural strength of concrete as determined by the lab- 
oratory test specified in Section 302 should be not less than 650 psi at 28 days. 


this strength economically, an average flexural strength of 600 psi may be 


the laboratory design is confirmed if 80 percent of all flexural strength test 


— results of specimens molded in accordance with Section 303(a) and cured in 
- accordance with Sections 7(a) and (b) of ASTM C31 referred to therein, 


shall be equal to or greater than 550 psi, and the average of any four con- 
secutive tests shall be equal to or greater than 550 psi. 
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3. The strengths at 7 and 28 days shall be established with four cement 


factors prior to starting the work. These will serve as a basis for adjusting 


the mix when this need is indicated by 7-day tests, made during the progress 
of the work on job-made, laboratory-cured specimens, later checked by 28- 
day tests on specimens similarly made and cured. 

(d) Durability requirements—In localities where the concrete will be sub- 
jected to severe freezing and thawing conditions, air-entrained concrete 
shall be used, and the resulting proportions shall be such that the mixing 
water, including free surface moisture on the aggregates but exclusive of 
moisture absorbed by the aggregates, shall not exceed 6 gal. per sack of cement. 
In no case shall the mixing water exceed 61% gal. per sack of cement for any 
individual batch. The cement content shall be not less than 5 sacks per cu yd. 

(e) Information for bidders—Unless otherwise specified in the special pro- 
visions the following requirements shall govern the contractual relations 
concerning proportions based on design for minimum strength: 

1. Upon request, the engineer will furnish prospective bidders with infor- 
mation as to the proportions by weight required for aggregates from estab- 
lished sources available for use on the project. This information will also 
include the grading of the aggregates used in determining these proportions. 

2. Promptly after receipt of notice of award of the contract, the contractor 
shall furnish the engineer with the location or locations of the source or sources 
of aggregates which he proposes to use. The proportions will be designated 
by the engineer. Except as hereinafter provided, the designated propor- 
tions shall govern as long as materials are furnished from the sources desig- 
nated and as long as they continue to meet the requirements specified. 

3. If, during the progress of the work, the contractor proposes to use aggre- 
gates from approved sources other than those originally designated, the 
engineer will designate the new proportions to be used. 

4. If satisfactory plasticity and workability are not secured using the 
proportions and aggregates originally designated, the engineer may alter 
such proportions. If such alterations change the designated cement factor 
originally fixed by 2 percent or less, no adjustment in the amount paid the 
contractor shall be made. If such alterations change the designated cement 
factor by more than 2 percent, the source and quality of the aggregates re- 
maining the same, payment shall be adjusted for or against the contractor 
in whatever amount the total cost of materials, f.o.b.. contractor’s material 
yard, has been increased or decreased by more than 2 percent. The calculation | 
of the amount of such increase or decrease shall be based upon the designated 


cement factor and not on count of bags of cement used or of the batches where 
bulk cement is used. Z 


- 704—Proportions based on fixed cement content 


When the concrete having a fixed cement content is specified, the quan- 
tities shall be those given in Table 704 properly adjusted to compensate 


for differences in specific gravities. Upon approval by the engineer, these 


Pe 
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TABLE 704—SUGGESTED TRIAL PROPORTIONS FOR CONCRETE OF SPECIFIED 
CEMENT CONTENT AND SLUMP* 


Mixture proportions per 94-lb bag of cement} 


Aggregates, Ib 
e Type of coarse aggregate —————- 
Type of concretet YE gereg' Water, Shahar 
gal. Fine§ 
Small Large 
Plain Round gravel 5.0 185 145 200 
Plain Crushed gravel or stone 5.5 200 135 
Plain Crushed slag 6.0 220 105 155 
Air-entrained Round gravel 4.5 160 145 220 
Air-entrained Crushed gravel or stone 5.0 180 135 
Air-entrained Crushed slag 5.5 195 105 155 


*Proportions intended to produce concrete containing 6.0 b of cement ~~ cu yd with slump of 144 to 3 in., 
suitable for normal machine placement. When vibration is used, slump may reduced to about 44 to 114 in. and 
batch quantities adjusted accordingly to maintain same yield and cement factor. p 

; +Air content assumed to be 1 percent for plain mixes and 5.5 percent for air-entrained mixes. 

tAggregate weights based on assumed bulk specific gravity, saturated-surface-dry, of 2.65 for sand, gravel, and 
stone and 2.25 for slag. For other specific gravities, aggregate weights should be adjusted in direct proportion to 
the specific gravity. Aggregate weights and quantity of added mixing water must be adjusted to allow for free 


moisture on aggregates. 
§Fine aggregate assumed to be well graded natural sand of average fineness (fineness modulus about 2.6 to 2.9). 


**Coarse aggregates assumed to be well-graded from 1}4 in. to No. 4 or 2 in. to No. 4, furnished in two sizes 
separated on the 34-in. or 1-in. sieve, respectively, and used in the proportion of approximately 40 percent of the 
small and 60 percent of the large size. 


compensated quantities of materials shall be further adjusted by the engi- 
- neer at any time to attain the desired degree of workability, the specified 
slump, and the specified cement content. Batch weights thus determined, 
shall be corrected to take into account the moisture condition of the aggre- 
gates as used. 


ee CHAPTER 8—HIGH-EARLY-STRENGTH CONCRETE 

- 801—Methods of production 

oa High-early-strength concrete shall be produced by one of the following 
be _ methods, or any combination thereof, as specified in the special provisions. 
+ (a) By the use of high-early-strength portland cement Type IIT or IITA 
we in lieu of normal portland cement (Type I or LA, or Type II or ITA). 

ee (b) By the use of additional portland cement (Type I or IA, or Type II 
e-tor IIA) in which case the total amount of cement shall not exceed 8 bags of 
ne - cement per cu yd of concrete. 


hea (ec) By the use of calcium chloride as one of the ingredients of the concrete 
in an amount between 1 and 2 lb of calcium chloride per bag of cement. Cal- 

4 cium chloride shall be added in solution. It is convenient to so proportion == 
: zi the solution that 1 qt contains 1 lb of calcium chloride. | 


ee - 802—Requirements 
sae . High-early-strength concrete shall meet all the requirements of the speci- 
; fications for portland cement concrete. 


CHAPTER 9—MIXING 
901—Measurement and handling of materials 


: 
: (a) Standard size sacks of cement as packed by the manufacturer shall be . 
considered to weigh 94 lb net. Either package or bulk cement may be used F 
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but not both. Bulk cement and cement from fractional sacks shall be weighed. 
~Cement shall be protected from the weather and against loss in handling or 
in transit. 

(b) When package cement is used, the cement shall be emptied from the 
sacks into the batch immediately prior to mixing. When bulk cement is 
used, satisfactory methods of handling and weighing shall be employed. A 
separate hopper, so designed and operated that the quantity of cement for 
each batch will be maintained in a separate container and not come in direct 
contact with the aggregates, shall be used. 

(c) Aggregates shall be weighed. 

(d) The scales for weighing cement and aggregates shall be accurate with- 
in 14 of 1 percent throughout the range of use. Operation shall be within a 
maximum allowable error of 1 percent for cement and 2 percent for agere-— 
gates. 

(e) Mixing water may be measured by weight or by volume. The water- 
measuring device shall be such that the operation shall be accurate to within 
1 percent. When wash water is used as a portion of the mixing water for 
succeeding batches, it shall be measured according to this requirement. 


902—Mixing at site 
(a) The concrete shall be mixed in a batch mixer. When a drum mixer 
is used, it shall conform to the requirements of the concrete mixer standards 
of the Mixer Manufacturer’s Bureau of the Associated General Contractors _ 
of America. If another type of mixer is used, it shall be of a type meeting 
the approval of the engineer. The mixer shall be capable of combining the 
ageregates, cement, and water into a thoroughly mixed and uniform mass 
within the specified time, and of discharging the mixture without segregation. 
Each batch of concrete shall be mixed for 1 min or more after all materials 
4 exclusive of the mixing water, are in the mixer drum. The batch shall be so 
charged into the mixer that some water will enter in advance of the cement 
and aggregate, and will continue to flow for a period which may extend to 
the end of the first one-third of the specified mixing time. The mixer shall 
rotate at the rate recommended by its manufacturer. Concrete shall be 
mixed only in quantities required for current use; any concrete which has set 
so that it cannot be properly placed shall not be used. Retempering of con- 
erete which has partially set, by mixing with additional water, will not be 
permitted. 

(b) The mixer shall be equipped with a suitable. charging hopper, water — 
storage, and a water-measuring device. Controls shall be so arranged that 
the water can be started only while the mixer is being charged and so as to 

lock automatically the discharge lever until the batch has been mixed the 
required time after all materials are in the mixer. The entire contents of the — 

drum shall be discharged after each batch has been mixed the required time. 

Suitable equipment for discharging and spreading the concrete on the sub- 
¢ ~ grade shall be provided. The mixer shall be cleaned at suitable intervals. | 


- 


- 
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The pick-up and throw-over blades in the drum shall be replaced when they 


have lost 10 percent of their depth. The volume of the mixed material per 
batch shall not exceed the manufacturer’s rated capacity of the mixer. The 
manufacturer shall install a plate upon the mixer stating the rated capacity 
and the recommended revolutions per minute. 


903—Ready-mixed concrete 

Ready-mixed concrete shall be mixed and transported in accordance with 
the “Specifications for Ready-Mixed Concrete” (ASTM C 94). When ready- 
mixed concrete is used in the construction of portland cement concrete pave- 
ments, a suitable spreader shall be provided. 


CHAPTER 10—PLACING AND FINISHING CONCRETE 


1001—General 

(a) Concrete shall be distributed to such depth, above grade, that when 
consolidated and finished, the specified slab thickness will be obtained. 

(b) The concrete shall be deposited on the subgrade in such a manner as 
to require as little rehandling as possible, preferably by a mechanical spreader. 
It shall be thoroughly consolidated against and along the faces of all forms 
with a vibrator inserted in the concrete. Necessary hand spreading shall be 
done with shovels, not with rakes. Workmen shall not be allowed to walk 
in the concrete with boots or shoes covered with earth or other foreign sub- 
stances. 

(c) Concrete shall be placed only on subgrade which has been prepared as 


ot specified and approved. At all times during operations, adequate subgrade 


shall have been prepared ahead of the mixer; at least 300 ft is desirable. 
Concrete shall not be placed on a frozen subgrade. No concrete shall be 


a _ placed around manholes or other structures until they have been brought 
to the required grade and alignment. 


(d) Pavement 30 ft or less in width may be constructed either to its full 


- width in a single construction operation or in lanes, unless one or the other 


method is expressly stipulated on the plans. Pavement more than 30 ft 


- in width shall not be constructed in a single operation. When pavement is 
va constructed in separate lanes, the longitudinal construction joints shall not 
_ deviate from the true line shown on the plans by more than 14 in. at any 


point. 
(e) Retempering concrete by adding water will not be permitted. 


(f) If ready-mixed concrete is used a suitable spreader shall be provided. — 


(g) When natural light is insufficient for proper work, adequate artificial 


cs lighting shall be provided. 


1002—Placing and finishing concrete at joints 

(a) Concrete shall be deposited on the subgrade as near- to the expansion 
and contraction joints as possible without disturbing them. It shall then be 
shoveled against both sides of the joint simultaneously, maintaining equal 


pressure on both sides. It shall be deposited to a height of approximately 2 


*) 
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in. more than the depth of the joint, care being taken that it is worked under 
‘the load transfer devices. The concrete shall not be dumped from the dis- 
charge bucket of the mixer directly on top of the load transfer devices. In 
placing the concrete against expansion and contraction joints and in operating 
a vibrator adjacent to them, workmen shall avoid stepping upon or disturbing 
in any way the joints or load transfer devices, either before or after they are 
covered with concrete. 

(b) The concrete adjacent to the joints shall be compacted with a vibrator 
inserted in the concrete. The vibrator shall be worked along the entire 
length and on both sides of the joint. The vibrator shall not come in con- 
tact with the joint, the load transfer devices, the forms, or the subgrade. If 
any of the dowel bars are displaced, they shall be realigned before the finish- 
ing machine passes over them. 

(c) After the concrete has been vibrated, the finishing machine, as specified 
in Section 1003, shall be moved forward until the front screed is approxi- ~ 
mately 8 in from the joint. Segregated coarse aggregate shall be removed 
from both sides of and off the joint. The screed shall be lifted and brought 
directly above the joint, set upon it, and the forward motion of the finishing 
machine shall be resumed. When the second screed is close enough to permit 
the excess mortar in front of it to flow over the joint, it shall be lifted and 
carried over the joint. Thereafter, the finishing machine may be run over the 
joint without lifting the screeds, provided there is no segregated coarse aggre- 
gate immediately between the joint and the screed or on top of the joint. 

(d) After the concrete has been placed on both sides of the joint and struck 
- off, the installing bar or channel cap shall be slowly and carefully withdrawn. 
After the installing bar or channel cap is completely withdrawn, the concrete 
shall be carefully spaded and additional freshly mixed concrete worked into 
any depressions left by the removal of the installing bar. The installing bar 
shall be cleaned and reoiled prior to reuse. ; 

Immediately after all finishing operations have been completed and before 
the concrete has taken its initial set, it shall be edged adjacent to all expansion 
; and contraction joints. Care shall be used to remove any concrete which 
may be over the premolded joint material. The edging tool shall be so ma- 
nipulated that a well-defined, continuous radius is produced and a smooth, 
dense mortar finish obtained. . 
Be After the removal of the side forms, the ends of premolded transverse ~ 
-_—s joints at the edges of the pavement shall be carefully opened for the entire 
depth of the slab, and any concrete that has been deposited over the end | 
~ closure shall be removed, care being taken not to injure the ends of the joint. 
After the curing period and before the pavement is opened to traffic, all 
~ joints shall be sealed, leaving a nearly uniform strip of an approved sealer 


material. 


1003—Finishing methods ee 
(a) Machine finishing—The concrete as soon as” placed ‘Shall be struck 
“off and screeded by an approved finishing machine to the crown and cross 
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section shown on the plans and to an elevation slightly above grade SO that 
when properly consolidated and finished the surface of the pavement will be 
at the exact grade elevation indicated on the plans and free from porous places. 
The finishing machine shall be of the screeding and troweling type, equipped 
with two independently operated screeds, designed and operated to strike off 
the concrete. The machine shall go over each area of pavement as many times 
and at such intervals as is necessary to give the proper compaction and to 
leave a surface of uniform texture, true to grade and crown. Excessive opera- 
tion over a given area shall be avoided. The tops of the forms shall be kept 
clean by an effective device attached to the machine, and the travel of the 
machine on the forms shall be maintained true without lift, wobbling, or other 
variation tending to affect the precision finish. The finishing machine shall 
be of ample strength to withstand severe use and shall be fully and accurately 
adjustable for loss of crown or other derangement due to wear. 


~ During the first pass of the finishing machine a uniform ridge of concrete 
shall be maintained ahead of the front screed for its entire length. Except 
when making a construction joint, the finishing machine shall not be op- 
erated beyond that point where the above described surplus can be main- 
tained ahead of the front screed. 

(b) Vibrated finishing—When vibrated finishing is required, the finishing 
machine shall be equipped for applying high frequency vibration to the upper 
surface of the concrete. The vibratory units shall be synchronized and shall 
operate at a frequency of not less than 3500 cycles per min. 


(c) Floating—After the concrete has been struck off and consolidated, it 
shall be further smoothed and consolidated by means of a longitudinal float 


of a suitable design approved by the engineer. Care should be exercised 
to start the floating operation at the proper time. In this operation, the 


longitudinal float shall be worked with a reciprocating motion, while held 


in a floating position parallel to the road center line and passed gradually 


_ from one side of the pavement to the other. Movements ahead along the 
~ center line of the road shall be in successive advances of not more than one- 


half the length of the float. 
(d) Straightedging—After the longitudinal floating has been completed 


and the excess water removed, but while the concrete is still plastic, the con- 
tractor shall test the slab surface for trueness with a 10-ft straightedge. The 
_ straightedge shall be held in successive positions parallel to the road center ~ 
line in contact with the surface and the whole area gone over from one side 
_ of the slab to the other. Advance along the road shall be in successive stages 


of not more than one-half length of the straightedge. Any depressions found 
shall be filled immediately with freshly mixed concrete, struck off, consolidated 
and refinished. High areas shall be cut down and refinished. The straight- 


edge testing and refloating shall continue until the entire surface is found to 


be free from observable departures from the straightedge and the slab has 
the required grade and crown. 
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(e) Belting—After straightedging when most of the water sheen has dis- 


- appeared and just before the concrete becomes non-plastic, the surface shall 


be belted with a two-ply canvas belt not less than 8 in. wide and at least 3 
ft longer than the width of the slab. Hand belts shall have suitable handles 
to permit controlled uniform manipulation. The belt shall be operated with 
short strokes transverse to the road center line and with a rapid advance 
parallel to the center line. 

(f) Brooming or burlap drag—After belting and as soon as surplus water 
has risen to the surface, the pavement shall be given a broom or burlap drag” 
finish as directed. 

If a broom finish is given, it shall be accomplished with an approved steel 
or fiber broom, not less than 18 in. wide. The broom shall be pulled gently 
over the surface of the pavement from edge to edge. Adjacent strokes shall 
be slightly overlapped. Brooming shall be perpendicular to the center line 
of the pavement and so executed that the corrugations thus produced will 
be uniform in character and width, and not more than 1 in. deep. The 
broomed surface shall be free from porous spots, irregularities, depressions, 
and small pockets or rough spots such as may be caused by accidentally dis- 
turbing particles of coarse aggregate, embedded near the surface. Brooming 
will not be required for concrete bases. 

If a burlap drag finish is given, a burlap belt shall be dragged in the longi- 
tudinal direction in one continuous motion. The use of a burlap belt which 
produces corrugations more than }g in. deep will not be permitted. The 
burlap shall be cleaned by washing or rinsing as often as necessary to pre- 
vent hardened concrete from accumulating therein and consequent scarring 
of the pavement surface. 

(g) Edging—After final finishing of the concrete has been completed, 
but before the concrete has taken its initial set, the edges of the slab shall 


‘be carefully finished with an edger of the specified radius. 


(h) Final surface test—The contractor will be held responsible for the 
correct alignment, grade, and contour specified. Any areas higher than 
1g in. for concrete pavements and higher than ly in. for concrete bases but 


-not higher than 3% in. above the correct surface as shown by the 10-ft straight- 


edge, shall be ground to the required surface by the contractor at his own 
expense. When deviation exceeds the foregoing limits, the pavement slab 
shall be removed and replaced by the contractor at his own expense, as di- 
rected by the engineer. 


CHAPTER 11—CURING AND PROTECTION OF CONCRETE 


‘ 1101—Curing 


th 


(a) Preliminary curing period—The concrete shall be covered with two 
thicknesses of damp burlap, cotton mats or other approved material of highly 
absorptive quality, as soon as possible without damaging the finish. The 
material shall be kept damp by spraying and shall remain in place for at least 
12 hr, 
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(b) Final curing—For completion of the curing the mats used for the pre- 
liminary curing period may be left in place and kept saturated for 72 hr, 
or may be removed at the end of the preliminary curing period and the con- 
crete surface covered with paper, impermeable sheets, or liquid membrane- 
forming curing compound meeting the requirements of these specifications. 

(c) Other methods—Other methods of curing may be used if approved 
by the engineer. 


CHAPTER 12—CONCRETE BASES 
1201—Transverse weakened plane joints—concrete base 

Concrete bases shall be provided with expansion and/or contraction joints, 
and shall be constructed in accordance with provisions of these specifications 
for constructing similar joints in concrete surface courses. 


Note: For concrete bases it is especially important to reduce the interval between 
joints by means of closely spaced contraction joints so as to contro] the amount of joint 
opening (which may extend through the surface course) due to shrinkage and contrac- 
tion. Experience indicates that the best results are obtained when the spacing of such 
joints does not exceed 20 ft; preferably the spacing should not exceed 15 ft. Load 
transfer devices are not required in concrete base construction. 


CHAPTER 13—COLD AND HOT WEATHER CONCRETING 


- 1301—Cold weather concreting 


(a) Except by specific written authorization, concrete placing shall cease 
when the descending air temperature in the shade and away from artificial heat 


- falls below 40 F. It shall not be resumed until the ascending air temperature 


in the shade and away from artificial heat rises to 40 F. 
(b) When concreting is permitted during cold weather the temperature of 
the mix shall be not less than 60 F nor more than 80 F at the time of placing 


in the forms.* The aggregates or water or both may be heated. The aggre- 


gates may be heated by steam or dry heat prior to being placed in the mixer. 
‘The water shall not be hotter than 175 F; aggregates shall not be used which 


: are hotter than 150 F. 


(c) When concrete is being placed during cold weather and the air tempera- 


_ tures may be expected to drop below 35 F, a supply of straw, hay, grass, or 


other suitable blanketing material shall be provided along the line of the 


_work. At any other time when the air temperature may be expected to reach 


the freezing point during the day or night, the material so provided shall be 


_ spread over the concrete to a sufficient depth to. allow curing of the concrete. f 
_ Such protection shall be maintained for at least 5 days. If required by the 
engineer, concrete less than 24 hr old shall also be covered by approved canvas 


ye 


or similar enclosures and devices capable of maintaining the temperature 
_ within the concrete at 50 F or higher. Concrete injured by frost action shall 


be removed.and replaced at the contractor’s expense. 
*See Table 1, ‘Recommended Practice for Winter Conereting (ACI 604-56),”’ for recommended concrete tem- 


peratures, 
{See Tables 2b and 2e, “Recommended Practice for Winter Concreting (ACI 604-56)" for insulation require- 


ments for concrete slabs on ground. 
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1302—Hot weather concreting* 


(a) Except by written authorization, concrete placing shall cease if the 


temperature of the plastic concrete cannot 


be maintained at 90 F or lower. 


(b) To facilitate the placement of concrete in hot weather, the aggregates 
or water or both may be cooled. Crushed ice is acceptable for cooling water. 
Spraying aggregates will result in cooling due to evaporation. The tempera- 
ture of cement at time of batching should not exceed 160 F. 


CHAPTER 14—MISCELLANEOUS 


1401—Pavement thickness 


(a) The thickness of the pavement shall be determined by measuring the — 
lengths of drilled concrete cores according to the “Method of Measuring 
Length of Drilled Concrete Cores’ (ASTM C174). At such points as the 
engineer may select, each 1000 linear ft of pavement, two or more cores shall 
be taken and measured. The average thickness of each mile of slab, or frac- 
tional mile, will be determined from these measurements. 


(b) Pavement of which the average thic 
than the thickness required by the typical 
will be accepted and paid for at the contrac 


kness is not more than \% in. less 
cross section shown on the plans, 
price. : 


(c) The unit price for pavement, the average thickness of which is less 
than the thickness shown on the plans by more than 1 in. but less than 1 in. 
shall be adjusted. This price shall bear the same ratio to the contract unit 


price as the square of the average thickne 
of the thickness specified on the plans. 


ss of the slab bears to the square 


(d) Payment will not be made for pavement which is found deficient in 


thickness by 14 in. or more. . Such pavemen 


t+ shall be removed and replaced by 


the contractor with pavement of the specified thickness at his expense. When 
the measurement of any core indicates that the slab is deficient in thickness 
by 14 in. or more, determination shall be made of the thickness of transverse 


‘ sections of the slab at 25-ft intervals set o 


ff along the center line of the road 


in each direction from the affected location until a transverse section of the 
slab is found which is not deficient in thickness by as much as 44 in. The 
area of pavement for which no payment will be made shall be the product of 


the width of pavement multiplied by the distance along the center line of the 
road between the transverse sections found not deficient in thickness by as 


much as 4 in. If the contractor is not satisfied, he may request additional 
cores and measurements. Such measurement shall be made at intervals or not’ 


-less than 200 ft. The cost of additional 


cores and measurements shall be 


-_ deducted from any sums due the contractor unless the measurements indicate 


that the slab within the area in question is of specified thickness. 


_ for pavement found to be thicker than the 


age *Special precautions as directed by the engineer shall be re 
: during hot weather. 


(e) No additional payment over the unit contract price bid will be made 


specified amount. 


quired for all high-early-strength concrete placed 
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1402—Protection of finished pavement 

(a) The contractor shall erect and maintain suitable barricades and, when 
required in the special provisions, shall employ watchmen to exclude traffic 
from the newly constructed pavement until open for use. These barriers 
shall be so arranged as not to interfere with public traffic on any lane intended 
to be kept open, and necessary signs and lights shall be maintained by the 
contractor clearly indicating any lanes open to the public. Where, as shown 
on the plans or indicated in the special provisions, it is necessary to provide 
for traffic across the pavement, the contractor shall at his own expense, con- 
struct suitable and substantial crossings to bridge over the concrete. 


(b) Any part of the pavement damaged by traffic or other causes prior to 


- its final acceptance shall be repaired or replaced by and at the expense of the 


contractor in a manner satisfactory to the engineer. The contractor shall pro- 
tect. the pavement against both public traffic and traffic of his employees and 
agents. 


1403—Public use of thoroughfare 

(a) Normal, unimpeded use of the thoroughfare of which the proposed 
pavement is to be a unit, is of value to the public. It is, therefore, mutually 
understood, that for the sections of the thoroughfare identified on the plans 
as requiring special traffic handling and for the distances stated thereon, sur- 
faced road lanes as indicated shall be made available by the contractor for 


unimpeded public traffic at all times, and maintained in proper condition 
throughout the construction period. These lanes shall be of the clear widths 


stated on the plans, and shall be kept entirely free from encroachment by 


equipment of the contractor, by workmen or employees of the contractor or 
_ by storage or transportation of materials intended for the work. 


_(b) The scheme and sequence of construction of the several lanes, slabs 


we and sections of pavement, including the sequence of the shifting of public 


Pe 


lanes during progress of construction, shall be as given on the plans or as 
described in the special provisions. 


(c) Where the edge of any stipulated public traffic lane is contiguous to 


_ an edge of the slab or lane being placed, the contractor shall provide, erect, 


and subsequently remove, a substantial temporary guard fence, as shown on the 


_ plans along the prescribed dividing line, which shall be maintained there until 
the slab is opened to traffic. The contractor’s plan of operation shall be such 
as to obviate any need for encroachment on the public traffic lane or lanes. 
Where so shown on the plans, special lanes for the contractor’s trucks and 

_ similar vehicles shall be provided, separate from and not interfering with the 
_ prescribed traffic lanes. Where the clearance between public traffic lanes and ~ 


the contractor’s operating equipment is restricted, special delivering equip- 
ment may be necessary, designed to deliver and depart within the width of the 


| slab actually being placed without encroaching any public lane. 


(d) Except where a special bid price for “traffic handling” is required 
in the proposal and in the special provisions, all cost of handling and pro- 
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tecting traffic, of special equipment, of temporary road surfacing and its 
maintenance, of temporary guard fences and of other things to be provided 
or to be done under this paragraph, shall be at the expense of the contractor. 


1404—Opening fo traffic 


(a) Traffic will ordinarily be excluded from the newly constructed pavement 
for 7 days after the concrete is placed and may be excluded for a longer period 
if flexural tests indicate its advisability. Job-cured flexural test specimens, 
prepared at regular intervals from the concrete as it comes from the mixer 
may be employed as a means of determining the time of opening the pave- 
ment to traffic. These beams shall be made and tested in accordance with 
Section 303. When tests of these specimens indicate that the corresponding 
pavement has attained a modulus of rupture of at least 500 psi, the pave- 
ment shall be cleaned, the joints filled and trimmed, and the pavement opened 
to trafic. The joint or line of separation between adjacent strips or slabs of 
concrete, when the pavement is constructed in strips or slabs, shall be cleaned 
and filled with an approved sealing material. 

(b) Until the pavement is opened to public traffic as provided above, con- 
struction equipment shall not be permitted on the new pavement unless special 
precautions are taken to protect the pavement. Such use and precautions 
shall be subject to the approval of the engineer. 


Discussion of this report should reach ACI headquarters in tripli- 
cate by Oct. 1, 1958, for publication in the March 1959 JourNAL. 
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Minimum standard requirements for single units or multiple element assem- 
blies, to be used in conjunction with ACI 318-56. Covers materials; design 
principles; manufacture including curing and handling; testing of completed 
units; installation plans; and special provisions for holes and openings in 
members. Design chapter treats such problems as dimensions, allowable 
deflection, structural concrete topping, reinforcement anchorage and location, 
and use of lightweight concrete. 


CHAPTER 1—GENERAL 
101—Scope and limits 

(a) These minimum standard requirements for precast concrete floor and ~ 
roof units are to be used in conjunction with the ‘‘Building Code Requirements 
for Reinforced Concrete (ACI 318-56).” 

(b) Precast floor and roof units which are manufactured as single units, or 
multiple element assemblies, are to be designed in accordance with standard 
reinforced concrete theory and as set forth in ACI 318-56 except that the | 
requirements for concrete protection for reinforcement, bar spacing, bond 
stress, and anchorage may be modified as in Sections 402(a), 405(a), and 
406(a) for units made by factory methods and under factory control. 

(c) With reference to precast systems the design of which does not conform — 
to Section 101(b), the sponsors have the right to present for acceptance the 
data upon which their design is based, in accordance with the provisions of 
_ Section 103(a) of ACI 318-56.T 


*Adopted as a standard of the American Concrete Institute at its 54th annual convention, Feb, 25, 1958, as 
pee? by Committee 711; ratified by letter ballot June 1, 1958. Title No.-55-4 is a part of copyrighted JouRNAL 
or tHe AMERICAN ConcrETE InstiTuTE, V. 30, No. 1, July 1958, Proceedings V. 55. Title No. 55-4 supersedes 
Title No. 50-1 published in Sept. 1953. Separate prints in covers are ayailable-at 50’cents each to ACI members 
($1.00 to nonmembers). Discussion of this report (copies in triplicate) should reach.the Institute not later than Oct. 1, 
1958. Address P. O. Box 4754, Redford Station, Detroit 19, Mich, A 
> Tee appendix hereto, p. 90. 
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CHAPTER 2—MATERIALS 


201—Aggregate 

(a) Concrete aggregates shall conform to the “Standard Specifications for 
Concrete Aggregates” (ASTM C 33-56T) and “Tentative Specifications for 
Lightweight Aggregate for Structural Concrete” (ASTM C330-53T) provided, 
however, that aggregates which have been shown by test or actual service to 
produce concrete of the required strength, durability, watertightness, fire 


_ resistance, and wearing qualities may be used under Section 302(a) Method 


2, ACI 318-56, when permitted by the authority having jurisdiction. 


(b) The maximum size of the aggregate shall in no case be larger than three- 
fourths of the minimum clear distance between reinforcing bars and sides of 
the forms, nor larger than one-third of the narrowest dimension between sides 
of the forms in which the unit is cast, except that when concrete is compacted by 
means of pressure or high-frequency vibration the maximum size of the aggre- 
gate shall not be larger than one-half the narrowest dimension between the sides 
of the forms. 


202—Concrete 


(a) The quality and strength of conerete for floor or roof units made of 
sand and gravel, crushed stone, air-cooled slag, or other heavy aggregate 
shall be as provided in Sections 301 and 302 of ACI 318-56. 


(b) Lightweight concrete for roof or floor units, which is made either by 
the introduction of air bubbles into the mix (cellular concrete) or by the use 


of lightweight aggregates, is permitted if the allowable unit stresses used in 


design satisfy the requirements of Section 401. 


203—Reinforcement 


(a) In the non-prestressed or partially prestressed types of floor or roof 
units, the reinforcement shall conform to the specifications outlined in ACI 
318-56, Section 208. The allowable stresses shall conform to the requirements 
set forth in Section 306(a) and (b) of ACI 318-56. For fully prestressed units 


refer to “Tentative Recommendations for Prestressed Conerete,’’ reported 


by ACI-ASCE Committee 323, ACI Journat, Jan. 1958, Proc. V. 54. 


CHAPTER 3—TESTS 


Be 301—Tests of an individual flexural unit 


1 (a) When an individual floor or roof unit is to be tested as a simple span 


beam, the zero for deflection shall be under the design total dead load to be 
carried. The maximum 24-hr midspan deflection due to a test load of twice 
the design live load (with minimum test loads of 80 and 60 psf for floors and 
roofs respectively) shall not exceed 1/160 of the span, and the residual de- 
flection immediately after removing the test load shall not exceed 1/400 of 
the span. Such units shall then be tested to complete failure, which shall not 
oceur at less than two times the sum of design dead and live load, nor less 
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than three times the design live load alone. If no failure fracture occurs the 
~ load causing a deflection of 1/60 of the span is to be considered the failure 
load. Refer also to Section 404(a). 


302—Manufactu rer’s certification 


(a) A manufacturer whose standard precast floor and roof units have been 
designed and manufactured in conformity with this ACI standard, and who 
so represents, shall make available to the prospective customer (or his technical 
representative) a report which so indicates. He shall also submit a copy of a 
test report by an approved independent laboratory or consulting engineer 
covering a Section 301(a) test of a unit from the same manufacturing series 
as the one under consideration. 


303—Load tests of an existing structure 

(a) When a field test* is to be made, the floor or roof panel shall be tested 
in accordance with and shall conform to the requirements of ACI 318-56 | 
Sections 202 and 203. 


CHAPTER 4—DESIGN 
400—Notation 


ratio of modulus of elasticity of steel to that of concrete 

ratio of depth of beam neutral axis to the beam depth to centroid of the tensile 
reinforcement 

ratio of distance between centroid of compression and centroid of tension to the 
beam depth d ; 


> 
I Il 


ll 


401—Allowable design stresses in concrete and reinforcement 

(a) For all concretes the design allowable stresses in the concrete and rein- 
forcement under safe working load shall conform to the requirements of 
ACI 318-56. 

(b) For lightweight aggregate concretes and cellular concrete the n values | 
shall be determined as in Section 407(a), and the corresponding values of k 
and j computed. 

(c) Fully prestressed units shall be designed according to prestressed beam 
principles and methods. Refer to “Tentative Recommendations for Prestressed 
Concrete,” reported by ACI-ASCE Committee 323, ACI JourNAL, Jan. 
1958, Proc. V. 54. 


402—Concrete protection for reinforcement 

(a) Precast floor and roof units made of high quality factory-controlled 
concrete and mild steel reinforcement may, when used in_locations protected 
from ‘the weather or moisture, be approved with °£-in. conerete cover for the 
“reinforcement, provided however, that the concrete cover in all cases shall be 


j 
*Herein a field test is a test made upon a floor or roof area in place in a structure. 
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at least equal to the diameter of the bars. To insure exact final location of the 
reinforcement, positive and rigid devices for that purpose shall be used in the 
manufacturing process. When the precast members are exposed to weather, 
moisture, or direct fire hazard the protective cover shall be increased to con- 
form with ACI 318-56, Section 507. 


403—Structural concrete toppings 

(a) When field-placed toppings are to be relied upon in computing the 
strength of a floor section, they must be thoroughly bonded to the surface* 
of the precast unit. The topping concrete shall develop at least three-fourths 
of the design strength of that of the precast unit, and have its design governed 
by the corresponding lower allowable stresses. 


(b) The maximum aggregate size shall not exceed one-third the thickness 
of the topping. 


- (c) In no case shall the calculated horizontal shearing stress within the 


plane of the construction joint exceed 0.02 f.’ of the weaker concrete, due to 
the design load above it, without the use of shear reinforcement across said 
plane. 


- 404—Deflections and span-depth ratios 


(a) The permissible simple span deflections of floor and roof units are set 
by the test requirements of Section 301(a), but in no case shall the span-depth 
ratio for floor units exceed 40. For this purpose the thickness of a topping 
may be included in computing the depth if integral action with the precast 
portion has previously been achieved through control of strength and placing 
in conformity with the requirements of Section 403. 


ay 405—Flexure bar spacing and bond stress 


(a) When the reinforcement for precast joists consists of an upper and a 
lower chord with properly designed web reinforcement welded thereto, and 
with a vertical bar of the same size as the web reinforcement (but never of 
less than 3% in. diameter) weld-connecting the chords at their ends, the 6-in. 
anchorage requirement of ACI 318-56, Section 902(c), and the spacing require- 


ment of Section 505(a) may be waived, provided that the members are made 


fe under factory controlled conditions in which the concrete is vibrated or forced 
into place under pressure, and provided that the clear bar spacing is not less 


SC: 


ee 


-* 


ad 


than one-half the maximum size of the coarse aggregate, and that the bond 


stress allowed by ACI 318-56, Section 305,} is not exceeded when computed 
by the formula: 


et eaeeia 
%4 Qiojd 


*Satisfactory bonding requires a clean rough surface treated with neat cem i 
be immediately placed, thoroughly compacted, and cured, > CR 9 Sera ected 
See Appendix, p. 93. 
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406—Anchorage of reinforcement in partially prestressed units 


(a) The adequacy of the anchorage of the flexure reinforcement of precast 
floor and roof units having no web end vertical or top reinforcement but which 
meet the other requirements of Section 405(a) and have flexure reinforcement 
tensioned in the manufacturing process (or the concrete compressed), shall 
be demonstrated by suitable flexure tests of the units resulting in failures in 
flexure or shear rather than of the anchorage. 


407—Lightweight concrete n values 


(a) For lightweight aggregate concrete, and for cellular concrete, the value 
of n to be used in designing shall be determined from rapidly* conducted 
compression tests of standard 6 x 12-in. cylindrical specimens from the proposed 
mix. In no case shall the m values used be less than 114 times the value 
specified in Section 305 of ACI 318-56 for natural stone concrete of the same 
compressive strength. 


408—Precast joist design 


(a) Precast joists that will be keyed a minimum of 14 in. into a field-placed 
floor slab may be erected without falsework or jacking and designed for T- 
beam action with the slab, provided that in designing the whole dead load is 
assigned to the precast joist, with only the live load. considered to be carried 
by the combined section of increased depth. 

(b) When the horizontal shear stress », between floor slab and joist (the 
joists being embedded a minimum of 14 in.) exceeds 0.03 f.’ of the weaker 
concrete (maximum value 90 psi) due to the superimposed live load, web 
reinforcement must be used between such elements. See the table of ACI 
318-56, Section 305(a). - 

(c) Where the ends of joists do not bear upon walls or girders, as at stair 
wells, steel joist hangers shall be used to provide end support, or hanger-type 
bent bars shall be cast into the end of the joist to be supported. 

- (d) The maximum clear distance between the permanent lateral supports 
of the flanges of a precast joist shall not exceed 32 times the width thereof. 


409—Minimum thickness of precast joist slabs 


(a) The minimum thickness of cast-in-place slabs, for joist heads em- 
bedded not less than 14 in. and for joist spacings less than 30 in., is 2 in. For 


joist spacing of 30 to 36 in. the minimum thickness of slab concrete floors is 


21 in. Greater thickness may be required where unusual loads or spans are 
encountered. The required thickness of slabs spanning more than 36 in. 


- shall be determined by accepted design methods, but shall not be less than. 
21% in. In the case of precast slabs of ribbed or channel section, the thickness — 
requirement applies to the portion thereof containing the tensile reinforcement. 


*The specimen shall be preliminarily loaded at least three times to about half its ultimate strength to eliminate 


4nitial strains. The stress-strain data shall be taken with the head of the test machine moving continuously at a 


uniform speed of from 0.025 to 0.05 in. per min. 
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410—Holes in webs of joists 

(a) Holes in the webs of joists shall be formed at the plant, or carefully eut 
(not punched) after approval by and under the supervision of the architect 
or engineer. For additional requirements see Chapter 8. 


411—Hollow-core floor and roof unit design 
(a) Hollow-core precast units shall be connected laterally by continuous 


| grout keys and/or close fitting mechanical keys capable of forcing adjacent 


units to act together. 

(b) Abutting precast hollow-core type units, which are to be completely 
covered by a field-placed concrete topping slab of controlled strength and 
placing, Section 403(a), may be installed without falsework or jacking (as 
in the case of bare units) provided that, in designing, the total dead load is 
assigned to the bare unit, with only the live load considered to be carried by 


the final topped section of increased depth. 


412—Extra or concentrated loads 

(a) Where a joist system supports partition walls parallel to the joists, or 
where heavy concentrated loads are to be expected, joists may be placed side 
by side if adequate provision is made to insure approximately equal loading 
of all joists. ; 

(b) Where a hollow-core (closed section) system supports partition walls 


x parallel to the unit, or where heavy concentrated loads are to be expected, 


~ 


such loads may be considered to be uniformly distributed over not more than 
three identical units on each side thereof but never over a greater total width 


than 0.4 of the clear span distance. 


ts 413—Assembled block floor and roof units—Design and tests 


(a) These assemblies are essentially partially prestressed flexural members 


in which uniform contact between individual block is achieved by face grinding 


ments of Section 406(a). 


or other means. The partial prestress is obtained by the use of steel meeting 
the requirements of ACI 318-56, Section 306(a). 

(b) When it appears that the shear strength of an assembled unit may be 
less than required, the ultimate strength thereof shall be demonstrated by 


- simple span tests of random sample assemblies to failure over the minimum 


and maximum spans involved. 
(c) The strength of the end anchorages of the bars shall meet the require- 
(d) If topping is used, and relied upon for flexural strength, Section 411(b) 
for hollow-core units applies. Refer also to Section 301(a) which applies to all 
precast floor and roof units. 


(e) Chapters 7 and 8, regarding installation and openings, apply to 
these units, as to the others. 


ete MES 
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CHAPTER 5—CURING AND HANDLING 


- 501—Curing 


(a) Immediately after molding, the precast units shall be cured by one 
of the methods of Section 501(b), or by keeping them moist at a temperature 
of 70 F or more for at least 7 days if made of normal portland cement, and for 
at least 3 days if made of high-early-strength portland cement. 

(b) Curing by high pressure steam, steam vapor, or other accepted processes 
may be employed to accelerate the hardening of the concrete and to reduce 
the time of curing provided, however, that the specified minimum compressive 
strength is attained, and that its 28-day strength exceeds its earlier strengths. 

(c) Control cylinders shall be cured under the same conditions as the precast 
units themselves. 


502—Handling 

(a) Units shall be stored on suitably prepared supports, free from warp. 
They shall not be delivered until of sufficient strength to be safely transported. 
They shall be carefully placed in final position without overstressing or damage. 


CHAPTER 6—MANUFACTURE 


601—Workmanship 
(a) The finished product shall be free of honeycomb or rock pockets. The 
mix, gradation of the aggregate, and workability shall be such as to insure 


complete filling of the form and continuous intimate bond between the concrete. 


and all steel. 


602—Identification and marking 
(a) All floor and roof units shall bear a permanent identifying symbol as 


well as a mark indicating the top of the unit. The identifying symbol shall 


“ 


be the same one used for the unit in the manufacturer’s literature and shall 
be shown in a table on the setting plan together with the length, type, and 
size of unit and the amount, size, and arrangement of all reinforcement. 
The tabulated information shall be complete enough to permit the calculation 
of the load capacity of the unit. 


CHAPTER 7—INSTALLATION 


701—Installation and construction details 
(a) The engineer or architect shall provide a stress sheet which shows the © 
manufacturer the maximum bending moments and shears at the. critical 


sections, except in cases in which the particular span-length unit and its 


loads fall within the limitations of the load table which has already been 
approved. Ze 

(b) A setting plan shall be prepared for every job by the manufacturer for 
the approval of the architect or engineer. The setting plan shall show the 


~ grade of reinforcing steel, the type of aggregate, and the strength of the con- 


i* 
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crete to be used. If the units are designed as prestressed members, the ulti- 
mate tensile strength of the reinforcement, the proportionality limit thereof, 
and the initial prestress to be used shall also be stated. The plan-shall include 
the locations of all openings, and the headers to be provided. 


CHAPTER 8—HOLES AND OPENINGS 
801—Requirements at structural discontinuities 


(a) No holes in precast units shall be made on a job site except after the 
approval by and under the supervision of the architect or engineer. All holes 
shall be formed or carefully cut, not punched. : 

(b) Holes in the bottom or top faces of hollow units, for conduit hangers 
or pipes, may be field cut through the hollow portion of the unit provided 
that not less than 1 in. clear distance from the longitudinal reinforcement is 
maintained. 

(c) Transverse channeling in the top or bottom faces of units, except over a 
support, is prohibited. Channels over supports must be so located that the 
shear strength of the unit is not decreased below that required by this standard. 

(d) Where a single hollow-core (closed section) unit meeting the requirements 
of Section 411(a) is cut, the uniformly distributed load originally considered 
to be carried by the unit may be considered to be-laterally distributed as 


specified in Section 412(b). One or more cut units carrying partitions or other 


concentrated loads shall be supported by specially designed reinforced headers 


or curbs. Wherever more than a single unit is cut a header or curb shall be 


used and the requirements of Section 412(b) shall be satisfied. 


APPENDIX 


_ Excerpts from "Building Code Requirements for Reinforced Concrete” 
(ACI 318-56) 


103—Special systems of reinforced concrete 


(a) The sponsors of any system of design or construction of reinforced concrete which has 
been in successful use, or the adequacy of which has been shown by test, and the design of 
which is either in conflict with, or not covered by this code shall have the right to present the 


data on which their design is based to a “Board of Examiners for Special Construction” ap- 


pointed by the Building Official. This Board shall be composed of competent engineers, archi- 


_ tects, and builders, and shall have the authority to investigate the data so submitted and to 


_ formulate rules governing the design and construction of such systems. These rules when 


approved by the Building Official shall be of the same force and effect as the provisions of 


au this code. 


200—Notation 


D = deflection, produced by a test load, of a member relative to the ends of the span 
L = span of member under load test (the shorter span of flat slabs and of floors sup- 
ported on four sides) 


¢ = total thickness or depth of a member under load test 
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202—Load tests of existing structures 


(a) A load test of an existing structure to determine its adequacy (stiffness and strength) 
for the intended use shall not be made until the portion subjected to the load is at least 56 days 
old, unless the owner of the structure agrees to the test being made at an earlier age. 

(b) When a load test is required and the whole structure is not to be tested, the portion of 
the structure thought to provide the least margin of safety shall be selected for loading. Prior 
to the application of the test load, a load which simulates the effect of that portion of the design 
dead load which is not already present shall be applied and shall remain in place until after a 
decision has been made regarding the acceptability of the structure. The test load shall not be 
applied until the structural members to be tested have borne the full design dead load for at 
least 48 hr. 

(c) Immediately prior to the application of the test load, the necessary initial readings shall 
be made for the measurements of deflections (and strains, if these are to be determined) caused 
by the application of the test load. The members selected for loading shall be subjected to a 
superimposed test load of two times the design live load, but not less than 80 psf for floor 
construction nor less than 60 psf for roof construction. The superimposed load shall be applied 
without shock to the structure and in a manner to avoid arching of the loading materials. 
Unless otherwise directed by the Building Official, the load shall be distributed to simulate 
the distribution of the load assumed in the design. 


203—Loading and criteria of acceptability 
The test load shall be left in position for 24 hr when readings of the deflections shall again 
be made. The test load shall be removed and additional readings of deflections shall then be 
made 24 hr after the removal of the test load. The following criteria shall be used in determining 
conformity with the load test requirements. 
(a) If the structure shows evident.failure, the changes or modifications needed to make the 
structure adequate for the rated capacity shall be made; or a lower rating may be established. 


(b) Floor and roof construction shall be considered to conform to the load test requirements _- 


if there is no evidence of failure and the maximum deflection does not exceed: 
L 

DS 

12,000 ¢ 


- in which all terms are in the same units. Constructions with greater deflections shall meet the 
‘requirements of subsections (c), (a), and (e). 


(c) The maximum deflection of a floor or roof construction shall not exceed the limit in 
Table 203(c) considered by the Building Official to be appropriate for the construction. 


TABLE 203(c)—MAXIMUM ALLOWABLE DEFLECTION 


Construction Deflection 
_ Cantilever beams and slabs L?/1800 ¢ 
. Simple beams and slabs Le /4000 ¢ 


Beams continuous at one support and slabs continuous at one support for 
the direction of the principal reinforcement L?/9000 ¢ 

. Flat slabs (L=the longer span) ake ae L?/10,000 ¢ , 
’ Beams and slabs continuous at the supports for the direction of the princi- 
pal reinforcement 


oe Wrhr 


L?/10,000 ¢ 


(d) The maximum deflection shall not exceed L/180 for a floor construction intended to _ 
support or to be attached to partitions or other construction likely to be damaged by large 


deflections of the floor. : Za 
(e) Within 24 hr after the removal of the test load the recovery of deflection caused by the 


~ application of the test load shall be at least 75 percent of the maximum deflection if this exceeds 
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L2/12,000 ¢. However, constructions failing to show 75 percent recovery of the deflection 
may be retested. The second test loading shall not be made until at least 72 hr after the removal 
of the test load for the first test. The maximum deflection in the retest shall conform to the 
-requirements of Sections 203(¢) and (d) and the recdvery of deflection shall be at least 75 


percent. 


301—Concrete quality 


(a) For the design of reinforced concrete structures, the value of fe. used for determining the 
allowable stresses as stipulated in Section 305 shall be based on the specified minimum 28-day 
compressive strength of the concrete, of on the specified minimum compressive strength at the 
earlier age at which the concrete may be expected to receive its full load. All plans, submitted 
for approval or used on the job, shall clearly show the assumed strength of concrete at a specified 
age for which all parts of the structure were designed. 

 (b) Concrete without air entrainment which will be exposed to the action of freezing weather 
shall have’a water content not exceeding 6 gal. per sack of cement.* 


302—WMethods for determining strength of concrete 


(a) The determination of the proportions of cement, aggregate, and water to attain the 
required strengths shall be made by one of the following methods: 


-- Method 1—Without preliminary tests 

_ _Where preliminary test data on the materials to be used in the concrete are not available, 
the water-cement ratio shall not exceed the values shown in Table 302(a).t When strengths 
ys _ in excess of 4000 psi are required or when lightweight aggregates or admixtures (other than those 
_ exclusively for the purpose of entraining air) are used, the required water-cement ratio shall be 
determined in accordance with Method 2. 


Be TABLE 302(a)—PERMISSIBLE WATER-CEMENT RATIOS FOR CONCRETE 


eg 
fons: Maximum permissible water-cement ratio, U.S. 
Re: Specified minimum gal. per 94-lb sack of cement* 
a? compressive strength at er as 
try days, psi Non-air-entrained Air-entrained 
concrete concrete 
2000. 8 74 
meoNs 2500 74% 6% 
. 3000 614 54 
. 3500 534 49 
oe 4000 ; 5 : 
Ce 
Ne 


ae F \ 


i) ; _ *Including free surface moisture on aggregates. 
: ; 
4 


mM ethod 2—With preliminary tests 
__ Water-cement ratios or strengths greater than shown in Table 302(a) may be used provided 


= that the relationship between strength and water-cement ratio for the materials to be used has 
: _been previously established. Where previous data are not available, concrete of proportions 
and consistency suitable for the work shall be made using at least three different water-cement 
“Antes which will produce a range in strengths encompassing those required for the work. These 

tests shall be made in accordance with the procedure given in the appendix to ‘Recommended 
bs _ Practice for Selecting Proportions for Concrete” (ACI 613). For each water-cement ratio, 
a _ at least three specimens shall be made and cured in accordance with “Method of Making and 


_ ena e 

_—-—s *Detailed recommendations f li : ; 

Mie = ),. setae ations for quality of concrete and f 

Je a a pe oe Selecting Proportighs ter Conereie'™ TACT ae for various exposures are 
u water-cement ratios are i ; ; ; 

___- produce appreciably higher strengths tha indie ee than those given in ACI 613 and will generally 


eee? 
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Curing Concrete Compression and Flexure Test Specimens in the Laboratory” (ASTM C 192) 
and tested for strength in accordance with ‘“Method of Test for Compressive Strength of Molded 
Concrete Cylinders’? (ASTM C 39). 

The strength tests shall be made at 28 days or the earlier age at which the concrete is to 
receive its full working load, as indicated on the plans. A curve shall be established showing 
the relationship between water-cement ratio and compressive strength. The maximum per- 
missible water-cement ratio for the concrete to be used in the structure shall be that shown by 
the curve to produce a strength 15 percent greater than called for on the plans, except when a 
lower value of the water content is required by Section 301(b). Where different materials are 
to be used for different portions of the work, each combination shall be evaluated separately. 


305—Allowable unit stresses in concrete 


(a) The unit stresses in pounds per square inch on concrete to be used when designs are 
made in accordance with Section 601(a) shall not exceed the values of Table 305(a) where f.’ 
equals the minimum specified compressive strength at 28 days, or at the earlier age at which 
the concrete may be expected to receive its full load. 


TABLE 305(a)—ALLOWABLE UNIT STRESSES IN CONCRETE 


Allowable unit stresses 
For any For strength of concrete 
strength of shown below 
eee concrete in| Maxi- 
Description accordance] mum 
with value, fe’ = tc = = fl = te = 
Section psi 2000 250! 3000 3750 500 
302 psi psi psi psi psi 
_ 30,000 mn=15\n =12|/n =10|n =8 |[n =6 
fe! 
Flexure: fe 
Extreme fiber stress in compression. .| fe 0.45 fe! 900 1125 1350 1688 2250 
Extreme fiber stress in tension in 
plain concrete footings........-.. fe 0.03 fc" 60 75 90 113 150 
Shear: » (as a measure of diagonal 
tension) 
Beams with no web reinforcement. ..| ve 0.03 fc’ 90 ~ 60 75 90 90 90 
Beams with longitudinal bars and : 
with either stirrups or properly lo- 
ACEC DODD OA: ae srtstehee ie ties oo v 0.08 fc’ 240 160 200 240 240 240 
Beams with longitudinal bars and a 
combination of stirrups and bent 
bars (the latter bent up suitably to 
carry at least 0.04fc’)........-..-+ v 0.12fc’ 360 240 300 360 360 360 
LOOUIMES TUR aint o aie eas eR acres ors Ve 0,03 fc" 75 60 75 75 1h) 79 
(For flat slabs, see Chapter 10) : 
Bond: u 
ene bars (as defined in Section 
il 
Topibarstaceete cts. ee toe rete Ww 0.07 fc’ 245 140 175 210 245 245 
In two-way footings (except top 
DATA) Oe erro aint aes ats aie beveokeinere w 0.08 fc’ 280 160 200 240 280 280 
JG To aen ose, ke hokey Oe pine ee aeete u 0.10fc’ 350 200 250 300 350 350 


Plain bars (as defined in Section 104) 
(must be hooked) 


inttrtbaneielon maces se crea: um. |? 0103 fe! 105 60 75 90 105 105 
- In two-way footings (except top 
bars).. ae Sais . RK cot, eh feces uU 0.036 fc" 126 72 90 108 126 126 
PRAT OPINGNS eters) Putcisenls > inve\dpiailp weaewe’'d uU 0.045 fc" 158 90 113 135 - 158 158 
Bearing: fe 
~ On full ee ea MOU: reac fe 0.25 fc’ 500 625 750. 938 1250 
On one-third area or less{........-- fe 0.875fc" 750. 938 1125 1405 1875 


*See Sections 905 and 809. DE. = ; : 
+Top bars, in reference to bond, are horizontal bars so placed that more than 12 in. of concrete is cast in the 


mber below the bar. é eg 
tT his increase shall be permitted only when the least distance between the edges of the loaded and unloaded 
areas is a minimum of one-fourth of the parallel side dimension of the loaded area. The allowable bearing stress 
on a reasonably concentric area greater than one-third but less than the full area shall be interpolated between 


the values given. 
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306—Allowable unit stresses in reinforcement 
Unless otherwise provided in this code, steel for concrete reinforcement shall not be stressed 
in excess of the following limits: 


(a) Tension 
(f. = tensile unit stress in longitudinal reinforcement) 
- and (f, = tensile unit stress in web reinforcement) 

20,000 psi for rail-steel concrete reinforcing bars, billet-steel concrete reinforcing bars of 
intermediate and hard grades, axle-steel concrete reinforcing bars of intermediate and 
hard grades, and cold-drawn steel wire for concrete reinforcement. 

18,000 psi for billet-steel concrete reinforcing bars of structural grade, and axle-steel 
concrete reinforcing bars of structural grade. 


(b) Tension in one-way slabs of not more than 12-fl span 
(f. = tensile unit stress in main reinforcement) 


For the main reinforcement, 3% in. or less in diameter, in one-way slabs, 50 percent of the 
minimum yield point specified in the specifications of the American Society for Testing Mate- 
rials for the particular kind and grade of reinforcement used, but in no case to exceed 30,000 psi 


a, (c) Compression, vertical column reinforcement 
(fe = nominal allowable stress in vertical column reinforcement) 


Forty percent of the minimum yield point specified in the specifications of the American 
Society for Testing Materials for the particular kind and grade of reinforcement used, but in 
no ease to exceed 30,000 psi. 


(f, = allowable unit stress in the metal core of composite and combination columns) 


yee. 


(a) The reinforcement of footings and other principal structural members in which the 
concrete is deposited against the ground shall have not less than 3 in. of concrete between it 
ic. end, the ground contact surface. If concrete surfaces after removal of the forms are to be exposed 
to the weather or be in contact with the ground, the reinforcement shall be protected with not 
less than 2 in. of concrete for bars larger than #5 and 114 in. for #5 bars or smaller, 


ar (b) The concrete protective covering for reinforcement at surfaces not exposed directly to | 
___the ground or weather shall be not less than 34 in. for slabs and walls; and not less than 1% in. : 


; ri Structural steel sections.............. g0lu dahare ts AS oe ad So pe et eee 16,000 psi 
MT ON AAOUGNE 6. Mn a9 age var 7 nla hate eae gt Ve aan een 10,000 psi 
LOCI s ad os, SINC o's aly o SUA oho ela coe OE See limitations of Section 1106(b) | 
_-- (d) Compression, flexural members ' 
Ms fe bs, For compression reinforcement in flexural members see Section 706(b). 
rr 507—Concrete protection for reinforcement | 
‘ 
; 


for beams, girders, and columns. In concrete joist floors in which the clear distance between 
e% _ joists is not more than 30 in., the protection of reinforcement shall be at least 3% in. - ; 
a _ (c) If the general code of which this code forms a part specifies, as fire-protective covering 33 
of the reinforcement, thicknesses of concrete greater than those given in this section, then such 


greater thicknesses shall be used. 


. Ate . 


<—o oe Concrete protection for reinforcement shall in all cases be at least equal to the diameter 
of bars. 


(e) Exposed reinforcing bars intended for bonding with future extensions shall be protected 
from corrosion by concrete or other adequate covering. 


Be Discussion of this report should reach ACI headquarters in tri i- z 
cate by Oct. 1, 1958, for publication in the wank 1959 pate ae 
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Title No. 55-5 


Origin, Evolution, and Effects of the Air Void System 
in Concrete. Part 1—Entrained Air in 
Unhardened Concrete’ 


By RICHARD C. MIELENZ,t VLADIMIR E. WOLKODOFF,t 
JAMES E.. BACKSTROM,§ and HARRY L. FLACK** 


Entrained air benefits concrete mainly in two general ways: (1) improvement of the work- 
ability and decrease in segregation of freshly mixed concrete, and (2) improved resistance of 
the concrete to freezing and thawing. Studies of these phenomena in the Engineering Lab- 
oratories, Bureau of Reclamation, United States Department of the Interior, are summarized 
in four reports, the first of which is here presented. The findings justify additional investi- 

" gation along several interrelated lines, such as systematic study of the bubble system in freshly 
mixed concrete and its function during working and placing; changes in the bubble system 
after placing and before hardening of the concrete; measurement of the geometry of the void 
system in hardened concrete; development of new analytical procedures and tests for evaluat- 
ing the role of entrained air voids in exposed concrete; specifications for air-entraining ad- 
mixtures and cement; and, in general, procedures by which satisfactory and uniform atr- 
entrained concrete can be produced consistently. 

The action of air bubbles in freshly mixed concrete depends primarily wpon the number, 
size distribution, and spacing of the bubbles maintained during mixing, placing, and finish- 
ing. These characteristics of the void system are determined by the ability of the concrete to 
develop within itself during mixing an abundance of air bubbles which resist dissolution, 
coalescence, and loss by escape from the concrete. Of fundamental importance are the com- 
position and proportion of air-entraining agent employed, the water-cement ratio, and the 
method and intensity of compaction. These factors are. examined and their significance 
is discussed in Part 1 of this series. 

As has been shown previously by others,! microscopical examination of prepared sur- 
faces pernuts determination of the approximate size and spacing of the voids in hardened 
concrete. Parts 2 and 8 of this series will present data obtained from studies of the void 
system in hardened concrete in relation to important variables in mixing and placing opera- 
tions. Part 4 summarizes evaluation of the void system in concrete taken from field con- 
struction. These data permit a generalization concerning the validity of the procedures 
stipulated in “Recommended Practice for Selecting Proportions for Concrete (ACI 613-54)? 
so far as they relate to air-entrained concrete. 

Although the concepts and conclusions presented here are justified by available expert- 
mental data and theory, considerable additional work is necessary to provide more quantita- 
tive information on the various factors and processes involved and to investigate the various 
significant implications of the concepts, especially as they relate to procedures by which the 
quality of air-entrained concrele can be improved and made more uniform. 


*Received by the Institute Aug. 8, 1957. Title No. 55-5 is a part of copyrighted JouRNAL OF THE AMERICAN 
Concrete Institute, V. 30, No. 1, July 1958, Proceedings V. 55. Separate prints are available at 60 cents each. 


Discussion (copies in triplicate) should reach the Institute not later than Oct. 1, 1958. Address P. O. Box 4754, 


Redford Station, Detroit 19, Mich. : 2 
+Member American Concrete Institute, Director of Research, Master Builders Co., Cleveland, Ohio; formerly. 


Head, Petrographie Laboratory, Bureau of Reclamation, Denver, Colo. : 
_ {Member Nansrions Concrete Institute, Senior Engineer, The Carborundum Co., Niagara Falls, N, Y., formerly. 


Petrographer, Petrographie Laboratory, Bureau of Reclamation, Denver, Colo. : ; oe 
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SYNOPSIS 


Air in concrete originates in four general ways, producing “entrapped” and 
“entrained” voids which are differentiated by their spatial and pressure rela- 
tionships to the surrounding water and solids. The action of air-entraining 
agents in modifying the void system in concrete is discussed. Once formed, 
the air void system deteriorates in characteristic ways, mainly by interchange 
of air between small bubbles and large, and by Joss of a portion ofthe air during 
compaction of the concrete, Several factors determine the rate and extent 
of deterioration effected before hardening of the concrete are described. 

The action of the air void system in improving workability and decreasing 
segregation and bleeding is discussed. 


INTRODUCTION 


The extent to which air-entrained concrete differs from non-air-entrained 
concrete depends primarily upon the size and spacing of air bubbles that de- 
velop in the concrete during mixing, and the rate at which the bubbles change 
Xin number and size during handling and placing and prior to hardening of the 
-\ concrete. Since the void system in hardened concrete is only a cast of the 
_ | system of bubbles present at the time of hardening, it is instructive to examine 
| the processes that control the production of bubbles and their subsequent. his- 
\. tory in the concrete prior to hardening. When they are complete, such studies 
_ should define quantitatively the necessary attributes of air-entraining admix- 
tures and air-entraining cements, and so make possible more scientific produc- 
tion and evaluation of air-entraining agents and air-entrained concrete. 


a The answers to many of the questions to be resolved lie in fields of chemistry 


; of surface-active agents; the physical chemistry of foams, solutions, and 
+ 


slurries ; and details of the processes of mixing, handling, and placing of con- 
crete. These subjects are complex and not completely understood even in com- 
paratively simple systems. Hence, the authors wish to stress that they are not 


7 


_ attempting a thorough dissertation on the formation and development of the | 
void system in concrete. Rather, they believe that thinking about these 
eo. matters has led to concepts which are worthy of reporting so that they may be 
available for review and discussion and so that, especially, they may stimulate | 
similar work by others, 

oes 


»\ 


oes ORIGIN OF AIR IN CONCRETE 


- __ Air present in voids in the cement paste of unhardened concrete is derived 
ae from several sources: (1) air originally present in intergranular spaces in the 
cement and aggregate; (2) air originally present within the particles of cement 
Bh and aggregate but expelled from the particles before hardening of the concrete 
fair by inward movement of water under hydraulic and capillary potential; (3) air 
originally dissolved in the mixing water; and (4) air which is in-folded and 
mechanically enveloped within the concrete during mixing and placing. These 


es 


‘ 
wl 
, 
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are the only sources of air bubbles in concrete, whether or not an air-entraining 


‘agent is used. 


A large proportion of the air bubbles generated by the mixing and placing 
operations remains within the concrete because the bubbles are enmeshed 
within the packed aggregate and because they may adhere to particles of ce- 
ment or, less commonly, to particles of aggregate. For a well proportioned 
mixture, the aggregate in the placed air-entrained concrete constitutes a vir- 
tually continuous granular structure, within which the cement paste and air 
voids are intercalated. Air voids escape from this granular structure only by 
moving between intergranular spaces under the force of buoyancy as the 
aggregate particles are shifted with respect to one another during placing and 
compaction of the concrete. 


AIR VOIDS IN CONCRETE 


Air voids in concrete range in their relationship to the granular structure of 
concrete between two extremes: on the one hand, bodies of air entirely en- 
closed among particles of aggregate may be under pressure approaching that 
imposed only by the overlying water; at the other extreme, bubbles enclosed . 
by a paste composed of aggregate fines and cement will be under pressure ap- 
proaching that imposed by the entirety of the overlying concrete. Actually, 
air voids in unhardened concrete or mortar typically will be under pressure 
intermediate between these extremes. 

The former type of air void commonly is said to be “natural” or “entrapped.”’ 
The term ‘‘natural air voids” is misleading because there is no evidence that 
any particular types of voids are inherent constituents of a combination of 
aggregate, cement, and water, independent of the presence or absence of an air- 
entraining agent or degree of compaction. The term “entrapped air” to 
designate these voids is also inappropriate because all air voids in plastic 
concrete are literally entrapped by any of several mechanisms. However, 
this latter term will be employed for simplicity because of its wide usage. 
These voids characteristically are 1 mm or more in diameter and irregular 
in shape because the periphery of the void follows the contour of the sur- 
rounding aggregaté particles. Voids of this type are most abundant in non- 
air-entrained lean concrete containing sand deficient in fines. .Air in such 
voids is under pressure imposed by the capillary forces and hydrostatic pressure 
of the water in the mixture because the weight of the solid matter in the over- 
lying concrete is borne by the granular framework developed by the aggregate. 
These voids are ineffective in improving workability of concrete because they 
do not decrease, and they may increase, the dilatancy of the mass necessary to 
manipulation. ; 

“Bntrained” air voids—the second type—are retained in the concrete as a 


result of entrapment among the aggregate, adherence by surface-chemical 


forces to particles of cement and aggregate, and the viscosity of the cement 


paste. These voids typically are between 10 and 1000 microns in diameter, 
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and spherical or nearly so because of the hydrostatic pressure to which they are 
subjected by the surrounding paste of water, cement, and aggregate fines. 
These voids are best developed in air-entrained rich concrete containing well 
graded sand. Entrained air bubbles effectively improve workability in the 
unhardened concrete because they increase the spacing of solids in the mass 


and thus decrease dilatancy and, by bearing short time loads, they facilitate 


movement of aggregate particles past one another. 

The air content of a concrete mixture may be altered in any of several ways, 
including change of the grading of the aggregate, change of cement and water 
content, variation in the kind and amount of air-entraining agent, change of 
temperature, and variation in degree of compaction of the concrete. How- 
ever, a given change in air content resulting from such alterations in mixture 
proportions and placing conditions will not effect equivalent changes in the 
properties of the fresh or hardened concrete. This is true primarily because 


these changes affect the frequency and relative volume of the two types of 


voids to a varying degree. On one hand, reduction of the abundance and 
size of the “entrapped” voids is primarily a matter of compaction of the con- 
crete, or of so modifying the proportions of a concrete mixture as to cause 
space otherwise filled by air to be occupied by cement, aggregate, and water. 
Such a change will increase strength of the hardened concrete, but will not 
materially modify resistance to freezing and thawing. Conversely, reduction 
in the abundance of entrained air bubbles removes a unique structural element 
from the concrete and effects substantial changes in the properties of both the 
fresh and hardened concrete. 


As had been shown previously by many investigators,*:* air content of con- 
crete is increased by increase in the proportion of sand of intermediate size, 
particularly in the ranges passing the No. 30 and retained on the No. 50 or the 


_ No. 100* sieves, and is decreased by increase in coarser or finer sizes of aggre- 
gate or of cement. This size fraction is critically important because the open- 


ings between grains in this size range are small enough to impede movement 
of portland cement, yet the grains are large enough to retain enmeshed among 
their granular framework bubbles big enough to withstand rapid dissolution 
in the mixing water in the presence of a satisfactory air-entraining agent. In a 
granular mass composed of spherical particles of uniform size in the most 
compact arrangement, the diameter of the largest sphere that can be con- 


tained in the interstitial space is 0.22 times the particle diameter. Lack of 
uniform size and departure from sphericity will decrease the size of the en-. 


closed space if the most compact arrangement is achieved. 


The maximum size of the space subtended by particles passing the No. 30 
and retained on the No. 100 sieve varies from about 33 to 130 microns. As 
will be shown in subsequent sections, 90 to 99 percent of the air voids in air- 
entrained concrete are less than 100 microns in diameter and so can be con- 
tained among sand particles in this size range. Moreover, it will be shown that 


*The precise range found to be most effective probably will vary wi isti 
p ( ( it effecti 'y with the characteristics of each 
particularly with respect to grading within this range, particle shape, surface texture, peg eiecelt ie 


enemy! 
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bubbles larger than about 60 microns are far more susceptible to escape from 


the concrete during vibration than are smaller ones, there being a rather sharp 


change in the rate of loss at about this size. An increase in the proportion of 
sand finer than that which is optimum for entraining air will decrease the 
available volume among the particles in this fraction and will consequently 
subject the displaced bubbles to greatly increased pressure, thus facilitating 
their escape from the concrete and increasing the solubility of the air and 
hastening their dissolution. An increase in coarser aggregate decreases the 
available interstitial space of optimum dimensions because a portion of the 
finer sand is replaced by aggregate particles. 

Hence, it appears that clusters of grains in approximately the No. 30-50 
or No. 30-100 size range are-an important reservoir for those bubbles which 
persist until hardening of the concrete. 


ACTION OF AIR-ENTRAINING AGENTS 
IN SOLUTIONS AND PORTLAND CEMENT SLURRIES 


Adsorption 


In the concentrations ordinarily used in concrete, air-entraining agents are 
positively adsorbed at air-water interfaces and reduce the surface tension, 
possibly by 20 dynes per cm or more. A substance in solution is said to be 
positively adsorbed if it is more concentrated at a surface or interface than it 
is in the solution as a whole. The ‘‘film”’ of air-entraining agent so produced 
can effect important changes in the air bubbles in a liquid or slurry because 
coalescence of bubbles and rate of dissolution of the air in the bubbles are 
reduced to an extent depending in detail upon the concentration and proper- 
ties of the film-forming substance. 


Precipitation of insoluble calcium salts 


In the presence of portland cement or other substances on which or from 
which alkali earth or metallic ions are available, some types of air-entraining 
agents are affected in critical ways. If the calcium salt of the surface-active 
constituent of the air-entraining agent is but slightly soluble in water, the 
concentration of this compound at the air-water interfaces may be sufficiently 
high to produce a precipitated solid or gelatinous film which will enclose each 
air bubble. Such a film will be characterized by finite thickness, strength, 
elasticity, permeability, and other properties which, together, will control the 
subsequent response of the air bubble to mechanical or physical-chemical 
changes in the system. Under ideal conditions such films can be seen micro- 


~_scopically and photographed (Fig. 1). 


A preliminary evaluation of the tendency of an air-entraining agent (6 pro- 
duce a relatively insdluble precipitate when combined with water and port- 


land cement can be obtained by addition of clear lime water to an aqueous 


solution of the agent. Agents in which the surface-active constituent is a ~ 


- ‘sodium soap of wood resin, such as neutralized Vinsol resin or um abietate ; 


' 
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Fig. 1—Photomicrograph of 
bubbles of air in a dilute slurry 7 
of portland cement and a 7 
solution of Agent J (Table 1). ? 
Solution added repeatedly to 7 
mount on glass slide and al- 
lowed to evaporate without 
drying. The bubbles are 
32 hr old 


sodium soaps of lignin derivatives, rosin, or fatty acid; or triethanolamine 
salts of sulfonic acid, produce flocculent white to brown precipitates when 
saturated lime water is added to an aqueous solution of the air-entraining 
agent at or above the concentration obtained in the mixing water in the produc- 
tion of air-entrained concrete. This may be demonstrated readily in a small 
vial or test tube. Of course, such a test is not diagnostic of the quality of an . 
air-entraining agent. 

Conversely, many calcium salts of sulfonic acids are soluble in water, and 
so produce no precipitate with addition of lime water to an aqueous solution. 
Hence, various air-entraining agents in which the surface-active constitutent 
is a sulfonate would not be expected to produce a precipitated membrane a- 
round the air bubbles in portland cement paste, even though these compounds 
are positively adsorbed and greatly reduce surface tension of the solution. 


is ras 2 Adhesion of bubbles to particles of cement and aggregate 

The caleium salt of low solubility precipitated at air-water interfaces in 
solutions of the air-entraining agents containing sodium salts of abietic acid, 
lignin, fatty acids, ete., by calcium in solution also will be precipitated on the 
surface of cement particles, possibly as a monomolecular film. Similar films 
also may form by adsorption on the surfaces of such particles of organic ions 
or molecules not producing a precipitate in lime water. Such films will reduce 
the hydrophilic quality of the surface and may render it hydrophobic. In 
the latter event, air bubbles will tend to cling to the cement particles with a 
force determined by the interfacial tension and the contact angle. The greater 
the contact angle measured in the liquid, the greater the adhesive force. 

It would be desirable to develop a definitive procedure to measure the 
degree of adhesion established between portland cement and bubbles pro- 
duced by an air-entraining agent in water solutions. Phenomena affording a 
basis for such evaluation include: (1) measurement of contact angle of the air- 
water interface against plane surfaces on either portland cement clinker or 
neat portland cement paste (or analogous caleic compounds or minerals); (2) a 


EE EEE EE eee eee ee ee . ae 


AIR VOID SYSTEM 101 


evaluation of the ability of froths produced in aqueous solutions to float port- 
land cement, calcic clinker compounds, or calcic minerals; or (8) evaluation of 
the quantity of portland cement, calcic clinker compounds, or calcic minerals 
which cling to air bubbles produced in water solutions of air-entraining agents. © 
The authors have investigated each of these possibilities, but no reliable quan- 
titative method has been developed yet. Nevertheless, the observations dem- 
onstrate that definite adhesion is established between portland cement or 
analogous compounds and minerals, and air bubbles produced in solutions of 
many satisfactory air-entraining agents. Unfortunately, the mechanism un- 
derlying adhesion of a bubble to a solid surface is completely unknown.°® 
Measurement of contact angle of the air-water interface against polished 
surfaces of portland cement clinker or analogous surfaces is an especially 
— promising procedure. Contact angles ranging from virtually nil (little or no 
adhesion of bubbles to the surface) to as high as 81 deg 30 min have been 
measured (Fig. 2). Unfortunately, the contact angle produced in a given test 
is controlled not only by the kind and concentration of the agent and the 
composition, physical characteristics, and freedom from contamination of the 
solid, but also by the details of technique and the characteristics of the in- 
__. dividual bubble, primarily its size and whether it is shrinking or growing during 
4 the experiment. It is hoped that these problems can be resolved by additional 
investigations. _ 
Another significant area of study concerning bubble-solid adhesion and 
film formation by surface-active constituents of air-entraining agents involves 
aggregates. With differing chemical and mineralogic compositions, surface 
texture, and degree of alteration, aggregates will vary in their effect upon solu-. 
tions of air-entraining agents. It is most desirable for uniform performance 
that air-entraining agents be influenced only to minor degree, if at all, by the 
character of the aggregate. Aggregates in which alkali earth and metallic 
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rig. 2—Contact angle established between air-water interface and a ground surface 


of portland cement clinker. Agent C at left, Agent J at right. Three drops of agent - 
ae per 30 ml distilled water pee 
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ing decisions are made with respect to It. 
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ions are available, such as limestone, dolomite, blast furnace slags, and glassy 
basalts, are expected to be the most significant in this respect. Additional 
research must be done to evaluate the magnitude of this effect before engineer- 


; 
: 
‘ 
- 


It is anticipated that bubble-cement or bubble-aggregate adhesion will be 
most significant for certain ranges of particle size. Studies of ore flotation 
indicate that particles in sizes between about 10 and 50 microns are most 
susceptible to bubble adhesion.* For cement, coarse particles probably will be 
most significant in this respect because they are in the range found best for ore 
flotation and because the finer cement particles will lose their particulate 
character by extensive hydration before or shortly after the concrete is placed. 


CHARACTERISTICS OF AIR BUBBLES IN SOLUTIONS AND SLURRIES 


Nomenclature 


a = area of the surface through which air 1 = average chord length, i.e., the average 
is diffusing from bubbles into the water distance across intersected bubbles 
phase or from the water phase into along a line of traverse 
bubbles, whichever is the smaller L = computed spacing factor 

A = volume of voids, fraction of the vole 4/ = true number of bubbles per unit vol- 

ume of concrete ume of concrete : 
n = number of voids intersected per unit 

a = specific surface of voids length of traverse 

B= mass of air transmitted from small p = paste content, fraction of the volume of 
bubbles to larger bubbles by diffusion concrete, sum of volumes of water and 
through the water phase in plastic con- cement 
crete P = excess pressure resulting from surface 

a EE eT Ss tension at the air-water interface in 


plastic concrete 
D =a factor expressing the rate at which (7); = the ¢ th moment of the true bubble 


air is transmitted through the ad- radii in a system containing bubbles of 
sorbed film at the air-water interface various sizes 
and diffuses through the water phase r = radius of air bubble 
in plastic concrete i = time : 
y = surface tension of the water phase in T y_nt average distance heberenn surtdces of | 
, : bubbles losing and those gaining air by 
plastic concrete area ; 
diffusion in plastic concrete 
K = constant from Henry’s law X = mole fraction of gas dissolved in water 
q 
‘ 


Excess pressure in air bubbles in unhardened concrete 


Air enclosed in bubbles in unhardened cement paste in concrete is under 
greater than atmospheric pressure because of: (1) the hydrostatic pressure of 
the overlying concrete, or a portion thereof,* and any other load imposed on 
the concrete, and (2) the curvature of the air-water interface. The surface | 
phenomena are complicated by precipitated films at the interface, but basic N 
relationships are thought to be similar. Such a conclusion is supported by 
available experimental observations summarized below. Hydrostatic pressure 


*A portion or all of the weight of the solids above any particular level in plastic concrete may be borne by the 
tic 


granular framework of aggregate, so that air voids may be subjected o: to illary forces drosta ; , 
pressure of the water in some situations. m : Ps at 2 me sd 
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SOLUBILITY OF AIR IN WATER AT 20°C - g PER 100g. 
AIR PRESSURE IN BUBBLE IN WATER AT 20°C- MM MERCURY 


DIAMETER “OF BUBBLE ~ MICRONS 


Fig. 3—Relationship of solubility of air and internal pressure to the size of an air 
bubble in water at 20 C 


resulting from weight of the overlying concrete may range from virtually 
nil to several pounds per square inch, the increase being at the rate of about 1 
psi per ft of depth. The pressure resulting from surface tension at the air- 
water interface is controlled by the relationship: 


Results of calculations for an air-water system at 20 C are summarized in 
Fig. 3, assuming no superimposed load other than atmospheric pressure: The 
pressure within an air bubble in water increases rapidly as the diameter of the 
bubble decreases in the range less than 100 microns. The pressure is 1.70 
atmospheres when the diameter is 4 microns and 3.85 when the diameter is lL 
micron. 


Solubility of air bubbles in water 

From the relationship X = P/K, where X = mole fraction of gas dissolved 
in water because of the excess pressure and K = the constant from Henry’s - 
_law,* it can be shown that the solubility of air-in water at 20 C increases 
from about 250 X 10-° g per 100 @ of water at atmospheric pressure to about 


” #K = 5.75 X 107 for nitrogen and 2.95 X 107 for oxygen at 20 C.7 
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Fig. 4—Photomicrograph of 
two air bubbles in a saturated 
lime water solution of Agent 
C (3 drops per 30 ml of dis- 
tilled water) with sand passing 
No. 200 sieve: (a) at comple- 
tion of mixing, (b) after 9 
min, (c) after 14 min, and (d) 


sion of sand particles to the 
bubbles 


430 * 10° g per 100 g of water at 1.70 atmospheres and to 990 X 10-5 g per 
100 g of water at 3.85 atmospheres (see Fig. 3). Hence, the tendency for 
air in bubbles in water to dissolve increases rapidly as the size of the bubbles 
decreases in the range below 100 microns and the increase is extremely rapid 
in the range below 10 microns. Consequently, while concrete is unhardened, 
the air in very small bubbles is being dissolved far more rapidly than is the 
air in large bubbles, and it is improbable that a bubble originally less than 10 
microns will be preserved. Bubbles originally larger than 10 microns will 
produce voids less than 10 microns in diameter in the hardened concrete be- 
cause the cement paste hardens after the size of some bubbles has been re- 
duced to that range by dissolution of the air. 


Interchange of air in bubbles in solutions, slurries, and concrete 


As the air in the small bubbles dissolves, the water soon becomes saturated 
with dissolved air with respect to bubbles of average radius and the atmos- 
phere above the concrete. From this time until the cement paste becomes 
sufficiently rigid to produce a relatively stable structure, air in bubbles smaller 
than the average dissolves and bubbles larger than the average increase in 
size because of release of the air from the water. This process may be ob- 
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min, and (d) after 134 min. 
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served easily under the microscope in a freshly prepared mixture of an air-en- 
training agent and water or water and cement by fitting a glass plate at the top 
or side of the container. 

Experiments were conducted with several proprietary agents known from 
previous studies of concrete to vary in their ability to produce a system of small 
air voids in concrete. Mixtures of (1) water and agent; (2) water, agent, and 
cement; or (3) lime water, sand, and agent, were shaken vigorously for 30 
seconds in a 50-ml stoppered flask (mixture proportions and procedure given 
in captions for Fig. 4-8), and a rectangular glass cell 3x 25x45 mm was 
filled immediately by pouring a portion of the slurry from the flask. The cell 
was mounted as quickly as possible on the stage of a petrographic microscope 
fitted with a filar ocular, a bubble was selected, and the diameter measured 
immediately and with passing time. Results are illustrated in Fig. 4 and 5 and 
are plotted in Fig. 6, 7, and 8. The abscissa at the start of each curve indi- 

-. cates the elapsed time between completion of agitation and first reading on the 


bubble. 

In the absence of cement, all of the agents act similarly in that most small 
bubbles (less than about 100 microns in diameter) decrease in size by dissolu- 
tion of the contained air, and the rate of decrease increases as the diameter of 
the bubble decreases (Fig. 6). With some air-entraining agents a small sac, 
representing the adsorbed film at the air-water interface, becomes visible just 


Fig. 5—Photomicrograph of 
an air bubble in a solution of 
Agent C (3 drops in 30 ml of 
distilled water) with a small 
amount of portland cement: 
(a) at completion of mixing, 
(b) after 20 min, (c) after 40 


Note adhesion of flocculent 


=" 
‘ 


/ 
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Fig. 6—Relationship of bubble size to time in water solutions of four gir-entraining 
admixtures. Agents C and L, 3 drops i in 30 ml distilled water; Agent F, 30 mg in 30 ml 
distilled water; Agent J, 1 drop in 30 ml distilled water. Determinations at 25-29 C 


before complete dissolution of the bubble, eae ait the sac dissolves slowly 
and disappears. Bubbles of intermediate size, in the range of 70 to 150 microns 
in diameter, commonly grow at first, because they receive air from the solu- 
tion while the smallest bubbles are dissolving, but later they shrink by loss of 
air when the smallest bubbles are largely gone (Fig. 7). In a closed cell, the 
large bubbles grow slowly and continuously with dissolution of the small 


_ bubbles. The history of any particular bubble is controlled by many factors 
other than size, such as proximity to other bubbles or the surface of the liquid, — 


concentration of air in the water, and changes of temperature. 


In the presence of portland cement or lime water, bubbles in the slurries 
respond differently, depending upon the composition of the agent and its con- 
centration in the solution. Agents F and L (see Table 1) give rise to small 
bubbles which dissolve completely (Fig. 8). Conversely, with Agents C and J, 
bubbles of intermediate or small size decrease slowly and erratically i in diataeide 
and finally are stabilized for prolonged periods at various small diameters. 


—y 
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Larger bubbles either grow slowly or 
grow and then shrink to various small 
diameters. Again, the history of any 
particular bubble is controlled by 
many factors. As the bubbles shrink 
to small diameters, they become ir- 
regular in shape and appear as a 
crumpled sac surrounded by a dark 
membrane. The irregular decrease in 
diameter is caused by sporadic crum- 
pling of the sac as the pressure de- 
ficiency rises with continued dissolu- 
tion of air from the bubbles. At a 
certain diameter, the bubble becomes 
stabilized by increasing thickness and 
strength of the membrane. Some 
effective agents, such as sodium abie- 
tate, develop these phenomena even 
in very low concentrations; concen- 
trations as low as 10 ppm have been 
tested with no apparent loss in 
effectiveness in this respect. 
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Fig. 7—Relation of bubble size to time in 
a water solution of Agent J. Three drops 


per 30 ml of distilled water at 24 C 


TABLE 1—AIR-ENTRAINING ADMIXTURES INCLUDED IN THE INVESTIGATIONS 


Public Roads : 
‘Code symbol | No.* Chemical nature Physical state 
A — Sodium soap of wood resins Aqueous solution of unknown 
: concentration 
B — Sodium abietate Solid or 1 percent aqueous solution 
Cc 23 Triethanolamine salts of sulfonic Designated by the manufacturer as 
~ acids “single strength” solution 
‘ 
D 8 Sodium soap of tall oil Aqueous solution of unknown con- 
centration 
E 12 Alkyl aryl sulfonate and sodium 1 percent aqueous solution 
sulfate 
F —_— Alkyl] sulfonate Solid 
G 18 Calcium lignosulfonate with small Solid 
amount of alkyl aryl sulfonate 
H — Alkyl sulfonate 1 percent aqueous solution 
iT — Lignin sulfonic acid 1 percent aqueous solution 
J Fh Sodium soaps of wood resins 5 percent aqueous solution 
K 26 Alkyl aryl sulfonate and proteinaceous 2 percent aqueous solution 
material iy g 
SETly — Alkyl phenol of an ethylene oxide Aqueous aclion of unknown 
OSA nw 


aa 97, 1954, p. 259-277. 


“a 


+See Jackson, F. H., and Timms, A. G., “Evaluation of Air-Entraining Admixtures for Concrete,” Public Race c 
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Fig. 8—Relationship of bubble size to time in water solutions of four air-entraining 

admixtures in the presence of portland cement (1 g per 30 ml of solution). Agents J 

and L, 3 drops in 30 ml distilled water; Agent F, 60 mg in 30 ml distilled water; Agent C, 
1 drop in 30 ml distilled water. Determinations at 24.5-29 C 


Depending upon the composition and concentration of the air-entraining 
agent, particles or flocculent aggregations of cement may accumulate in varying 
concentration at the periphery of the bubbles (Fig. 5 and 9). With some 
agents, such as Agent L, the bubbles are clean; with others, such as Agents A, 
B, C, D, and J, the bubbles typically are partially or completely plated by 


particles of cement or flocculent aggregations. When a coating of cement is - 


present, it is difficult to measure the bubble diameter accurately, and it is 
impossible sometimes to ascertain whether the bubble has dissolved com- 


4 pletely. Even with agents normally producing coated bubbles in this pro- 


- cedure, sporadic bubbles are clean and may dissolve completely. No explana- 
tion for this phenomenon is now available. With less effective agents, occa- 
sional bubbles are stabilized before complete dissolution, possibly because of 
_ contamination of the slurry by traces of previously tested better agents. 


Effect of interchange of air on air content of concrete 


As a result of the dissolution of air from small bubbles and its release into 
large bubbles, the air content of the concrete will increase unless the gain so 


oa a 
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produced is offset by escape of air into the atmosphere from exposed surfaces 
-of the concrete. Increase in air content ordinarily is to be expected following 
completion of the placing operation. For example, air entrained in bubbles 20 
microns in diameter on completion of placing of the concrete will occupy about 
two-thirds more volume when transmitted to voids 1 mm in diameter. 


Effect of interchange of air on the void system in concrete 


The final result of the process of interchange is a decrease in the number of 
bubbles and an increase in their average size and total volume. The increase 
in average size is evident because, according to Willis:* 


3A 


Ct Seer, 


where (r); = third moment of the radii of the bubbles, that is, the weighted 
average of the cubes of all the radii, A is the air content of the concrete, and 
is the number of bubbles per unit volume of the concrete. Thus, the average 
radius will increase since A increases and M decreases by the process of inter- 
change. 


Also, since: 


po 
a 3(7)2 


where | = average chord length of voids on a line of microscopical traverse 
and (r), = second moment of the radii of the bubbles, 1 must increase since 
the average of the cubes always will increase more rapidly than the average of 
the squares of the radii. Hence, the specific surface of bubbles a* will decrease 
inasmuch as a = 4/1 Thus, the process of dissolution of air from and re- 
lease. of air into bubbles in the cement paste militates against high values of 
and close spacing of the bubbles. 


Hence, all factors which increase the time of setting will tend to increase the 
spacing of the bubbles and to decrease a. Also a high ratio of water to air 
will increase the rate at which small bubbles are dissolved, because more must 
dissolve to produce supersaturation of dissolved air in the water. For example, 
with a spacing factor of 0.01 in., according to Powers, t bubbles less than 3 to 


“‘#Specific surface of the void system is the area of the air-water interface per unit volume of air void and usually 


is expressed as in2/in’ or in.-? 2 : ote : : ’ 
+Powers’ formulae (Reference 1) for spacing factor of air voids in concrete, based upon microscopical linear 


traverse on finely ground surfaces of the hardened concrete are: 
z L = p/4n 


or 


i = it a hts See 


i 5 : F en hen 
tion of the notations see the section on nomenclature, page 102. The first relationship is used whe 
“i bee pe ged tee the concrete is high (p/A is less than 4.33), and the second is used when the air content 1s low. 
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4 microns may be dissolved completely before air begins to enter the larger 
bubbles. Likewise, a high water-cement ratio is conducive to a higher rate of 
diffusion of air through the paste because of its greater fluidity. In short, re- 
tardation of setting, high water to air ratio, high water-cement ratio, and high 
water content will make more difficult the production of mortar or concrete for 
which the spacing factor is very small. 

Also, delays in placing following mixing will increase progressively the loss of 
air during compaction because the delay will have allowed the interchange of 
air to have progressed sufficiently to increase the average size and ease of 
escape for the bubbles. Flack® has shown that loss of air content from a con- 
crete mixture originally containing 5 percent of entrained air is equivalent to 
approximately 0.7 percent for each hour of delay in placing. 


Rate of interchange of air between air voids in unhardened concrete 


No measure has been made of the rate at which air is transmitted from one 
bubble to another in concrete or the net rate of change effected in the param- 
eters of the void system. An investigation of these phenomena in relation to 
the nature of the air-entraining admixture and properties of the mixture would 
be worthwhile. However, it is interesting to consider the factors which will 
control the rate and to review data available on bubble systems in foams and 
solutions. 

The rate of transmission of air from small bubbles to large is directly propor- 
tional to the area of the air-water interface, the pressure differential established 
between bubbles losing air and those gaining air, the solubility of air in water, 
and the rate of diffusion of air through the water, and is inversely proportional 
to the distance through which the diffusion occurs.* Hence, we may write: 


dB aDy{i1 1 {fT 
oom tee ee 
dt ! d, dy 


for the rate of interchange of air between the bubble of diameter d; and a large 
_ bubble of diameter d: at any time when the mass of air transmitted is B, and 
a = the area of the surface of the bubbles gaining or losing air (whichever is the 
smaller); D = a diffusion factor which increases with the solubility of air in the 
water, the rate of diffusion of molecules of the gas through the water, and the 
permeability of the adsorbed film at the air-water interface for air; y = surface 
tension at the air-water interface; and 7 = the average distance between the 
surface of the bubbles. For a system of entrained air bubbles, the effective 
surface area through which the transmission takes place depends upon the 
size distribution of the bubbles and should vary directly with the specific 
surface a, and the distance between the surface of the bubbles’ should vary 
directly with the spacing factor L. 


*The rate of transmission will depend also upon the permeability of the fil i i i 
respect to the constituents of air. The properties of the film depend poh hs character cl aes or nine 
agent, its concentration, and the area of the air-water interface relative to the volume of the water phase 

_ tCompare the derivations by Clark and Blackman (Reference 11, p. 3) and by Bikerman (Reference 10, p. 120) 
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Study of the water-air foams dem- 


‘onstrates that the surface area of 


bubbles decreases and the average 
diameter of bubbles increases greatly 
during the first few minutes after the 
foam is formed.!! For example, be- 
tween 114 and 8 min after formation 
of a foam in a given 5 percent soap 
dispersion, the number of bubbles 
about 25 microns in diameter was de- 
creased by about two-thirds, and 


_the number of voids about 150 mi- 


crons in diameter was decreased by a 
factor of about 25, while the number 
of bubbles above 500 microns in di- 
ameter was increased somewhat. Also, 
in a foam produced in a 5 percent 
solution of an aluminum protein hy- 


two. air 


Fig. 9—Photomicrograph of 
bubbles in a dilute slurry of portland 
cement and.a solution containing 3 drops 


of Agent J in 30 ml distilled water. Note 


drolysate, Clark and Blackman" ob- 

served a decrease in the specific sur- 

face from 660 to 225 in. during 1 hr. 

The rate of transmission of air from bubble to bubble in concrete undoubtedly 

is less than for air-water foams, because the distance from bubble to bubble 

is greater; solubility of the air in the water phase is less than in pure water 

because of the electrolytes in solution; and diffusion of the dissolved air 

probably is decreased by the high viscosity of the water adjacent to particles 

of hydrating cement. Nevertheless, there is no reason to believe that the 

| process is not significant in modifying the parameters of the void system in 
ss cement paste. 

In an infinite nonsetting mass of water and air bubbles, the air would finally 
accumulate in relatively few large bubbles, which arein equilibrium with the air 
dissolved in the water and with each other under the conditions of temperature 
and pressure prevailing in the mass. The rate of interchange will become very 
small when the diameter of the voids is greater than 100 microns, because the 
difference in internal pressure is very slight. 


of flocculent cement to the 
bubbles 


adhesion 


Influence of water-cement ratio on bubble formation and 

change in neat cement slurries 

a For any given portland cement and proportion of an air-entraining admixture, 
there will be an optimum water-cement ratio for neat pastes or slurries at which 
a maximum frequency (minimum spacing) of voids will develop and be retained 
after hardening. At water-cement ratios in the range producing stiff but - 
| plastic consistency in the mixture (e.g. at water-cement ratio about 0.3 by. 
a weight), water films on the cement will be insufficient.to produce an adequate 
foaming action, in-folding of air during mixing will be minimized, and thorough 


1 
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TABLE 2—INFLUENCE OF WATER-CEMENT RATIO ON THE AIR VOID SYSTEM OF 
NEAT CEMENT PASTE* 


Parameters determined microscopically 

- |Air content af Average Specific . Number } 
Mix pba nat Se Air chord surface hae per in.) Paste to Spacing 
series ratio ” meter, content, intercept, of voids, of air factor, 

by weight | percentf | percent in. in.-! | traverse ratio in. 
sat 0.80 > 1.2.0 4.13 0.0082 | 950 9.612 24.21 0.0098 
Ve 0:40 4.0 5.59 0.0030 1330 18.629 17.89 0.0063 
V-7 0.50 4.5 6.93 0.0039 1030 17.775 14.43 0.0073 
V-8 0.60 3.3 8.77 0.0052 770 16.860 11.40 0.0087 


*Cement No. 9406 (Na2O = 0.18 percent; KxO = 0.03 percent). Agent J, 1.33 ml per lb of cement; 0.4 cu ft 


_batch mixed 4 min in 3.5 cu ft capacity drum-type mixer; water temperature = 70 F; 3 x 6-in. cylinders vibrated 


2 sec in each of two lifts; specimens stored 4 days in moist room at 73.4 « 3.0 F before preparation of ground sur- 
faces for microscopical determinations. J 
tIn accordance with ASTM C 231. 


compaction of the paste may be difficult. For such a mixture, air content will 
be lower and the voids will be larger than would be produced with the same 
proportion of air-entraining admixture at higher water-cement ratio. At inter- 
mediate water-cement ratio (e.g., 0.4 to 0.6 by weight), abundant air bubbles 
will be produced in the presence of an adequate proportion of an air-entraining 
admixture, but the average size of the bubbles will increase as a result of inter- 
change of air between small bubbles and large, the interchange increasing with 


_the water-cement ratio. At excessive water-cement ratio, a large proportion 


_ of the bubbles will be lost by progressive enlargement and escape from the 


_ by weight. The air content was determined in accordance with ASTM C 2311 


mixture. 


These relationships are illustrated in Table 2. Four 0.4 cu ft batches of 
cement, water, and a solution of Agent J, at the rate of 1.33 ml per lb of cement, 
were mixed in a drum-type mixer and cast into 3 x 6-in. cylinders and vibrated 
2 sec internally in two lifts. The water-cement ratio ranged from 0.3 to 0.6 


in a pressure meter at the time the specimens were prepared. The specimens 


were cured 4 days in a moist room at 73.4 + 3.0 F. Sawed surfaces were later 
prepared for microscopical determination of the parameters of the void system 
by the linear traverse method.* 


The air content determined on the unhardened mixture is materially lower 


‘ _ than that determined microscopically on the hardened specimens, and the 
_ difference between these values increases progressively with water-cement 


ratio. The mixture with water-cement ratio 0.3 apparently contains insuf- 


i ficient water to permit adequate foaming and in-folding of air during mixing, 
The air content is low, and the spacing factor is high. Following placement, 


the air content increased 1.1 percent as a result of interchange of air. Water- 


_ cement ratio of 0.4 is optimum in this series, based upon the minimum value 
_ of spacing factor. Surface area and frequency of the voids are greatest at this 
_ Wwater-cement ratio. Air content increased 1.6 percent before hardening of 

the specimen. The spacing factor increases progressively with increase of the 


*The general procedures employed and nomenclature applied are those el 
Powers,! and Willis,’ Details et eronedaien developed by the action’ are eet ee Mls to Pee 


TABLE 3—INFLUENCE OF 


AIR VOID SYSTEM 


143 


ALKALI CONTENT OF MIX ON THE AIR VOID SYSTEM 


OF NEAT CEMENT PASTE* 


Parameters determined microscopically 
4 Water- | Air content , Average Specific Number 
Mix cement j|by pressure Air chord surface voids perin. | Paste to Spacing 
series ratio, meter, content, intercept, of voids, of air factor, 
by weight | percentt percent in. in.-1 traverse ratio in. 
vV-9 0.30 2.8 4.76 0.0046 870 10.170 21.00 0.0100 
V-10 0.40 4.0 6.79 0.0051 780 13.425 14.73 0.0095 
V-11 0.50 4.3 6.66 0.0061 660 10.861 15.01 0.0115 
V-12 0.60 3.3 7.38 0.0070 570 10.530 13.55 0.0127 


*Procedure and materials identical with those stipulated in footnotes to Table 2, except for addition of sodium 
hydroxide (NaOH) at the rate of 6.0 g per lb of Cement No. 9406. 
tIn accordance with ASTM C 231. 


water-cement ratio to 0.5 and 0.6, and the increase in air content after placing 
is likewise increased to approximately 2.4 and 5.5 percent, respectively. 


Influence of alkali content of the cement on bubble 
formation and change in neat cement slurries 

Many air-entraining agents produce, at air-water interfaces in the presence 
of calcium ions, a film composed primarily of the calcium salt of the surface 
active constituent of the agent. This film may vary in such properties as / 
permeability for air, strength, and elasticity, with changes in composition and 
thickness. Because high concentrations of alkalies (Na* and K*) in solutions 
such as are developed during the hydration of portland cement strongly depress 
the concentration of calcium in solution, it is expected that cements which 
provide an immediate high concentration of sodium or potassium ions in 
solution will cause production at air-water interfaces of precipitated films 
which are thinner and more soluble than those which would develop in the 
presence of low-alkali cements. 

A series of air-entrained neat cement mixtures was prepared, using materials 
and procedures identical with those described in Table 2 and in the text of the 
previous section, except that sufficient sodium hydroxide was added in the 
mixing water to produce a concentration of sodium in the mixture equal to 
that which would be produced by a cement containing 1.20 percent Na,O, 
assuming that all of the sodium goes into solution at once. 

The trend of results (Table 3) corroborates the conclusions previously stated 
concerning the significance of water-cement ratio. However, there was a 
consistent increase in the spacing factor, and a consistent decrease in the 
surface area of the voids determined in the hardened specimen in comparison 
with the equivalent specimens containing the same cement but no added © 
sodium hydroxide. The proportion of air entrained in the mixing process and 
remaining after placement of the mixture in the air meter is essentially identical 


with that in the equivalent specimens without the added sodium hydroxide. 
‘Hence, the sodium hydroxide appears to have decreased the degree to which the 


air content is preserved in small bubbles. The dissolution of the small bubbles | 


‘proceeds both before and after the determination of air content by the pressure. 


~~ meter. 
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Influence of composition of air-entraining admixtures on bubble 
formation and change in neat cement slurries 

To determine the ability of several air-entraining admixtures to entrain air 
in portland cement paste without the entrapping influence of aggregate, a 
series of mixtures was prepared to simulate the proportions of the cement, 
water, and admixture previously found necessary to entrain 5 percent of air 
in concrete containing 34-in. maximum-sized natural aggregate. Mixing time 
was 4 min in a 314-cu ft revolving drum mixer. Air content was determined in 
a pressure meter in accordance with ASTM C 231;'* 3 x 6-in. cylinders were 
cast, using 2 sec internal vibration in each of two lifts. The specimens were 
cured 4 days at 73.4 + 3.0 F ina moist room, after which finely ground surfaces 
were prepared for microscopical traverse. Results are summarized in Table 4. 


The neat cement specimens contained more air than might have been antici- 
pated, considering the fluid character of the mixture and the vibration given 
each specimen during placing. For the two superior agents (C and J), the air 
content of the neat pastes is approximately 43 percent of the air content of the 
comparable concrete. From this, it might be concluded that more than half of 
the air content of the concrete is retained by inclusion of the bubbles among the 
‘aggregate. For these agents, the determined values of average void intercept 
are virtually identical, and the values of « (specific surface) are the same or 
similar. The spacing factor for the neat specimen is somewhat higher than 


TABLE 4—INFLUENCE OF AIR-ENTRAINING ADMIXTURES ON THE AIR VOID SYSTEM 
OF CEMENT PASTE* 


Paramet ers determined microscopically 
Air content Average Specific Number 
Agent Mix by pressure Air chord surface | voids per in.) Paste to Spacing 
meter, content, intercept, of voids, o air factor, 
percent? | percent in. in.-! traverse ratio in 
Neat — 4.8 6.98 0.0038 1050 18,322 14,33 0.0069 
7 cement 
Con- 5.1 3.96 0.0038 1050 39.809 6.62 0.0051 
crete 
Neat 5.0 7.77 0.0041 980 18,688 12.87 0.0073 
Cc cement 
Con- 5.1 4.56 0.0045 890 38.702 5.75 0.0058 
crete 
Neat 3.9 5.57 0.0046 870 12.0388 17.95 0.0093 
= cement 
Con- 4.6 6.17 0.0061 660 32,218 5.09 0.0071 
crete 
Neat 4.4 6.76 0.0093 430 7.266 14.79 0.0176 
L cement 
Con- 4.8 2.30 0.0084 10.873 10.96 0.0140 
crete 
Neat 0.0051 3.303 0.0169 


None cement 


*A series of concrete mixtures was prepared using various air-entraining admixtures in proportions to 

an air content approximating 5 percent; water-cement ratio was constant at 0.45; slump wee 32h e ereaiee 
maximum ag, ate; 40.12 percent sand in the agg te; 241-266 lb of water per cu yd; paste content equals 24,3 
to 26.3 percent by volume. Air void parameters of the concrete were determined microscopically. Subsequently, 
neat cement mixtures were prepared to simulate the concrete containing each of the 4 admixtures, faci and 
procedures being held constant except that no coarse or fine aggregate was included. Air void parameters were 
determined microscopically on these specimens and on a neat paste containing no air-entraining admixture. 


‘ie ee ee 
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that for the concrete, primarily because the number of voids per inch of traverse 
-in the neat specimens is only about 45 percent of that in the pastes of the 
comparable concretes. 

Agent F, an alkyl sulfonate, is of intermediate quality as an air-entraining 
agent. The bubble size and frequency are consistently less, and the spacing 
factor is consistently greater with this agent than with either Agent C or J. 
The neat specimens contain only 26 percent as much air as does the paste of the 
comparable concrete. 

Agent L, a relatively ineffective air-entraining agent, produces equivalent 
void systems in the neat paste and the paste of the comparable concrete, with 
respect to void size, frequency, and spacing. The indicated air content of the 
hardened neat paste is very high in comparison with that of the comparable 
concrete. This relationship is anomalous in view of the concepts discussed 
above, since one would expect a lower ratio of air content of the neat specimen 
to that of the equivalent concrete for Agent L than for Agents C, F, or J. 
Possibly the answer lies in the unusually low air content of the concrete con- 
taining Agent L. Other concrete specimens containing Agent L show normal 
air content in spite of very high values for spacing factor. Since the average 
air bubble in concrete containing Agent L is large, the air is very susceptible to 
loss during placing. Possibly a slight excess of vibration of the concrete 
containing Agent L accounts for the low air content of the hardened concrete. 


EFFECT OF ENTRAINED AIR ON WORKABILITY OF CONCRETE 


As is well known, entrainment of air in fresh concrete by means of an air- 
entraining agent improves workability enough that the water content and 
sand content of the mixture can be reduced significantly. Experience shows 
that the sand content can be reduced by an amount approximately equal to the 
volume of the air entrained, and that the water content can be reduced 2 to 4 
percent for each 1 percent of air entrained, without loss in slump. It is interest- 
ing to consider the role of the entrained air bubbles in this action in relation to 
data developed in this study. 

For adequate workability of concrete, aggregate particles must be spaced 
so that they can move past one another with comparative ease during mixing 
and placing. In non-air-entrained concrete, workability can be achieved by 
including sufficient fine sand, cement, and water to separate the particles of 
coarser aggregate and supply a matrix in which movement can occur with a 
minimum of mutual interference. By such means, spacing of the solids is 
increased and the dilatancy necessary to manipulation of the fresh concrete is 
reduced, with consequent reduction of work required. To select two schemes 


-of proportioning among many, we note those developed by Weymouth™ and 


C. T. Kennedy" to control workability. 
In Weymouth’s scheme," grading of the aggregate is calealsiad so that each - 
successive size fraction is spaced in the fresh concrete so-as to permit passage of 


all smaller sizes. This requires more pea gravel than ordinarily is used and, 


116 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE July 1958 


if the grading is calculated into the sand range, the proportion of sand is in- 
creased greatly also. Conversely, C. T. Kennedy? proposed a procedure of 
mixture proportioning in which the desired spacing and minimum particle 
interference could be achieved by selection of a percentage of sand giving a 
minimum requirement for the volume of cement paste necessary to fill inter- 
particle voids and to coat each particle of sand and coarse aggregate with a 
film of a thickness found necessary to produce the desired slump at a selected 
water-cement ratio. 


Proportioning of concrete mixtures involves a compromise between require- 
ments for workability and requirements for strength, durability, volume 
stability, and other properties of the hardened concrete. Workability requires 
that the interparticle voids in the aggregate be more than filled by cement 
- paste, whereas optimum qualities of the hardened concrete require that these 
voids be just filled, or for most purposes not completely filled, the latter being 
true for all concrete exposed to freezing and thawing. 2 


It is the role of entrained air to resolve this conflict. First, entrained air 
voids increase the effective volume of the cement paste during mixing and 
placing, and so eliminate the need for that portion of the paste content added 
specifically to induce workability. Kennedy calculates this portion of the 


cement paste as 20 to 35 percent of the total paste content of the concrete. 


Second, since almost all of the volume of entrained air is in air voids of sand 
size, they may be considered to increase the effective volume of mortar during 
mixing and placing and so to compensate for lack of sand. The density desired 
in the placed concrete is obtained by compaction, as a result of which one-half 
to two-thirds of the air content of the fresh concrete is driven out. 


For example, for air-entrained concrete, the sand percentage selected for 
routine test mixtures in Bureau of Reclamation laboratories approximates that 
giving the maximum weight of aggregate per unit volume of concrete. For 
the particular 34-in. maximum aggregate used, the dry-rodded sand and gravel 
— include interparticle voids amounting to 24.9 percent of the total volume. The 
paste content of a specimen of the placed concrete with a water-cement ratio of 
0.51 by weight is 26.8 percent, and the air content is about 6.7 percent. Using 
similarly graded gravel and sand, but varying sand percentages, the paste 
content derived by Kennedy’s method is 32.1 percent at the sand percentage 
used in the actual mix (45 percent by weight) and attains a minimum of 31.4 
percent when the sand constitutes 30 percent by weight of the entire aggregate. 


Assuming that entrapped air accounts for 2 percent of the concrete, the paste 


plus air content of the concrete proportioned according to Kennedy is about 34 
percent, in contrast to 33.5 percent for the entrained-air concrete. This close 
correspondence exists in spite of a reduction of 0.82 bag of cement per cu yd 
of concrete in conjunction with the introduction of entrained air. 


Calculation in accordance with Weymouth indicates that optimum work- 
ability would be obtained with the aggregate ordinarily used in USBR labora- 
tories if sand constitutes 60 percent by weight of the total aggregate in contrast 
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to the amount (45 percent) found to yield maximum dry-rodded unit weight for 


' 34-in. maximum aggregate. Evidently, the workability inherent in the 


Weymouth grading can be achieved if the fresh concrete were to contain a 
sufficient number of air voids in the sand size range to compensate for the 
deficiency in sand content. In other words, if the laboratory mixture were to 
contain about 15 percent of air while being mixed and placed, the Weymouth 
grading would be approximated even though the sand percentage is about 45. 

Concrete allowed to harden after being taken from the mixer, but not molded 
or compacted, reveals air content as high as 13.5 percent; for the same concrete 
air content is 6.5 percent after being molded into a3 x 6-in. cylinder. Hence, the 
air content of this concrete can be assumed to be 15 percent or more while 
being worked since loss of air will occur as a result of settlement after mixing, 
even without molding. 

Thus, it appears that entrained air produces in concrete during mixing and 
placing a mortar content approaching that required by the Weymouth grading, 
but the benefits of a coarser grading of the aggregate are obtained as a result 
of loss of a large proportion of the original air content during compaction. 
Calculation indicates that the air content of fresh concrete necessary to simulate 
a Weymouth grading of the aggregate ranges from about 5 percent for concrete 
containing 6-in. maximum aggregate to about 16 percent for 3¢-in. maximum 
aggregate. From 40 to 65 percent of this air is lost during compaction in 
achieving the range of air content recommended for air-entrained concrete 
by ACI 613-54.? . 


EFFECT OF ENTRAINED AIR ON SEGREGATION AND BLEEDING 
OF CONCRETE 


Segregation and bleeding of concrete are differing manifestations of loss of 
the homogeneity produced by adequate mixing. Segregation usually implies 
separation of coarser aggregate from the mortar or separation of cement paste 
from aggregate. Bleeding is the autogenous flow of mixing water within, or its 
emergence from freshly placed concrete, usually as a result of sedimentation of 
the solids through the water with the resulting appearance of a layer of water 
at the surface or as a result of drainage of water laterally or downwardly from 
the concrete. ae 

Segregation and bleeding are reduced greatly by air entrainment adequate 
to control or significantly improve resistance of the concrete to freezing and 
thawing. These actions probably result primarily from four physical and_ 
physical-chemical phenomena related directly to the incorporation of a system 
of small bubbles in the fresh concrete. First, the bubbles buoy up the aggregate 
and cement and so reduce the rate at which sedimentation occurs in the placed 
concrete. Second, the bubbles decrease the effective area through which the — 


differential movement of water may occur. Third, adhesion between the cement 
and aggregate is augmented to the extent that mutual adhesion is established 


“between the bubbles and particles of cement and aggregate. Fourth, the 
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surface area of voids in the plastic concrete is sufficiently large to retard the 
rate at which water will separate from the paste by drainage. 

Powers!® has discussed the effects of buoyancy and decreased cross-sectional 
area of the capillary passages through which water moves during bleeding. 
He concluded that the combined effects of these phenomena are a complex 
function showing a decrease in bleeding rate resulting from sedimentation as 
the air content of the paste increases. The force of buoyancy may be visualized 
as operating against the entire granular structure of the aggregate and cement 
and also with respect to individual particles of cement and aggregate adhering 
to the bubbles. 

Adhesion between the bubbles and solid particles in the mixture and the 
surface area of the voids act together to increase the stiffness of the paste. As 
has been stated previously, the force of adhesion between bubbles and cement, 
or bubbles and specific minerals in aggregates, cannot be evaluated from data 
now available. Nevertheless, existence of these adhesive forces is indicated 
qualitatively by the observation of flotation of cement and aggregate in water 
slurries of various air-entraining agents and measurement of finite contact 
angles between cement clinker and air-water interfaces in the presence of air- 
entraining admixtures. 

Entrainment of air in concrete increases the internal surface area (that is, 
air-water, air-solid, and water-solid interfaces) of a given mass of cement paste 
and so increases capillary compression of the concrete and decreases the thick- 
ness of water films over the internal surfaces. Of course, the unit weight of 
the concrete, and especially of the paste, is decreased. These actions combine 
to decrease separation of cement paste from aggregate because the paste is 
made more viscous by resistance of capillary forces at the external surface to 
increase of surface area of the mass. : ; 

For concrete proportioned to contain 5 or 6 percent of air after placing, the 
air content of the paste while being worked may be in the range from 40 to 60 
percent. Hence, air contents considerably above that specified for the placed 
concrete are present to improve the resistance of fresh concrete to segregation. 
Data to be presented subsequently will show that well-air-entrained concrete 
containing 34-in. maximum aggregate has about 2 to 7 million voids per cu in. 
of concrete after placing and hardening. The cement paste in such concrete 
contains 7 to 24 million voids per cu in, of paste. No method has been developed 
for measuring the number of bubbles existing in the unhardened cement paste. 

The voids still present in the hardened paste present an air-water interface 
as much as 233 sq in. per cu in. of cement paste; the interface area is undoubt- 
edly several times this value in the equivalent fresh concrete. This value is 
equivalent to that of foams in 5 percent solution of protein hydrolysate 
approximately one-half hour after their formation." 

Hence, the bubble system produced in well-air-entrained cement paste is 
analogous in frequency and size of bubbles to foams produced in aqueous 
solutions, and they should respond similarly to forces of gravity and manipula- 
tion. The properties of the air-entrained paste as a structural mass (apart from 
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the history of individual bubbles or changes of specific surface resulting from 

transfer of air from small bubbles to large) depend primarily upon capillary 
forces. Capillary forces compress the foam, resist increase in external surface 
area of the mass, and hold within the foam excesses of liquid against gravity. 
With loss of air and decrease of surface area of bubbles contained in a unit 
volume of foam, the capillary forces decrease. A satisfactory air-entraining 
agent retards deterioration of the foam included in the cement paste sufficiently, 
during handling and placing and until hardening occurs, to maintain these 
forces at levels adequate for workability and minimal bleeding. 


CONCLUSIONS 


1. Air in concrete arises in several ways and is entrapped in voids of two 
general types: (1) those subjected only to capillary and hydraulic pressure of 
water in the fresh concrete; and (2) those subjected to load of both water and 
solids. ‘These are commonly called ‘‘entrapped” voids and ‘‘entrained”’ air 
bubbles, respectively. The “entrapped” voids are ineffective or harmful in 
unhardened concrete because they do not increase the spacing of solid particles 
in the mass and hence they do not decrease the dilatancy necessary to manipula- 
tion. Entrained air bubbles increase the spacing of the solid particles and 
decrease the dilatancy; moreover, they facilitate movement of particles of 
aggregate by separating solid surfaces and sustaining short-time loads. 

2. The surface-active constituents of air-entraining agents are positively 
absorbed at air-water interfaces, causing a decrease of surface tension and 
producing a film whose properties differ from those of the bulk of the mixing 
water. Several effective air-entraining agents produce films composed of the 
calcium salt of the anion of the surface-active constituent at air-water inter- 
faces, water-cement contacts, and probably at certain of the water-aggregate 
contacts. 

3. Air is interchanged continuously in unhardened concrete between small 
bubbles and large as a result of the greater excess pressure maintained in small 
bubbles. The result of such interchange is an increase in air content of the 
concrete and a decrease in-the specific surface of the bubbles. The rate of 
such interchange in concrete is not established. 

4. Adsorbed films at air-water interfaces produced by satisfactory air- 
entraining agents decrease the rate of transfer of air, decrease the tendency of 
bubbles to coalesce, permit bubbles to bear short-time loads, and decrease the 
work necessary to produce bubbles of given specific surface. 

5. Precipitation or adsorption of the air-entraining agent’s surface-active 
constituent (or its anion) at the surface of cement or aggregate particles 

decreases the hydrophilic quality of these surfaces and increases the force of 
adherence of air. ; Le 

6. Formation of an optimum void system in fresh concrete is influenced by 
‘several factors: (1) reduction in surface tension by the concentration of air- . 

_entraining agent used; (2) consistency of the mixture; (3) duration and vigor 


120 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE July 1958 


of mixing; (4) water-cement ratio and water content of the mixture; and (5) 
grading of the aggregate plus cement. 

7. The rate and degree of deterioration of the bubble system in fresh 
(unhardened) concrete is increased by many factors, most important of which 
are: (1) ineffectiveness of the air-entraining agent in retardation of passage 


. 


of air across an air-water interface, and in establishment of adhesion between 
air bubbles and cement or aggregate or both; (2) variation from optimum 
concentration of air-entraining agent; (3) increase in water-cement ratio; (4) 
increase of air-water ratio; (5) retardation of setting of cement; (6) delays in 
placing; and (7) increased alkali content of the cement. 
8. Air entrainment improves workability by decreasing dilatancy of mixture 
for given content of cement paste (cement plus water), with a resulting decrease 
in the necessary manipulation. Removal of air during compaction produces 
hardened concrete considerably more dense than the concrete being worked. 
Such change of density from the optimum for working to a density ap- 
proaching optimum for stability of hardened concrete cannot be achieved | 
by use of excess cement, fines in the aggregate, or powdered admixtures. . 
9, Air entrainment decreases segregation and bleeding by imparting a 
buoyant action to cement and aggregate, decreasing the area otherwise available 
for differential movement of water and solids, and producing in the cement | 
paste being worked a foam in which capillary forces develop stiffness and retard -< 
drainage of mixing water. 
10. Much additional work is justified to better understand the physical, | 
physical-chemical, and chemical processes involved in the production of 
consistently satisfactory and uniform air-entrained concrete. 
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Title No. 55-6 


Load Test on Flat Slab Floor with Embedded | 
Steel Grillage Caps* 


By DONALD D. MEISELt, CRYIL D. JENSEN#, and 
WALTER H. WHEELERS 


SYNOPSIS 


Steel grillage caps embedded in concrete flat slab and attached to steel col- 
umns were used in the addition to Smith, Kline, and French Laboratories. 
Because this was the first appearance of such a design in Philadelphia, a full 
scale load test was performed on the second floor of the new addition. 

Since the second floor was designed for movable load of 300 psf, the static 
test load was doubled to 600 psf. Bags of rock salt (1,500,000 lb total) were 
spread over 2500 sq ft, and shifted to alternate locations. Stresses were de- 
termined by use of SR-4 strain gages fastened to the reinforcing steel and con- 
crete, and dial micrometers installed at critical points under the slab measured 
deflections. 


INTRODUCTION 


The first to sixth floor slabs of Building D, Smith, Kline, and French Lab- 
oratories, Philadelphia, are flat slab, “Smooth Ceilings’** system with steel 
erillage caps (Fig. 1) embedded in the slabs and attached to the steel columns. 
The caps are so named because they function in floor slabs as inverted grillages 


and when used in mat foundations as grillages. They are designed as such with ~ 


the arms acting as uniformly loaded cantilevers projecting from the columns. 

The Philadelphia Building Code did not give credit to the grillages in bending, 
and the structural’engineers designed the slabs accordingly. However, analysis 
of the slab designs indicated that if the grillages could be considered equivalent 
to concrete capitals of equal diameter in reducing bending moments, 35 to 40 
percent of the slab reinforcement could be omitted. 

R. B. Ferguson, then chief engineer of Smith, Kline, and French Laboratories, 
directed that the matter be taken up with the Philadelphia Building Depart- 
ment. An agreement was made whereby the floor slabs could be redesigned 
treating the embedded steel grillages as equal to a concrete capital and using 


‘the empirical total moments of the 1951 ACI Code as the total slab moments 
for elastic analysis. It was stipulated that a load test be made on the second. 


~ +*Received by the Institute Mar. 19, 1957. Title No. 55-6 is a part of copyrighted JouRNAL OF THE AMERICAN 
. 30, No. 1, July 1958, Proceedings V. 55. Separate prints are available at 50 cents each. 
OSS ee eta id : a: : ¢ later than Oct. 1, 1958. Address P. O. Box 4754, 


Discussion (copies in triplicate) should reach the Institute no 


f Station, Detroit 19, Mich. é : 3 
Berber nectwidiel Canorcts Institute, Chief Engineer, E. L. Conwell and Co., Philadelphia, Pa. 


Professor of Civil Engineering, Lehigh University, Bethlehem, Pa. z ; 
hic aber American Concrete Institute, Consulting Engineer, Minneapolis, Minn. —. 
4*The trade name “Smooth Ceilings’’ was adopted because, normally, these ceilings are all flat and smooth. Drop 
panels are sometimes used, as well as waffle type ceilings. Trademark has been applied for. Copyrights 56,955; 
50,114; 118,712; 148,724; 170,707; and 181,774 were granted. U. 8. Patents No. 1950422 and 2000543 and Cana- 


dian Patent No. 351,321 have been issued. 
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VEE WELD & GRIND 


SIDE VIEW 
Fig. 1—Grillage cap details 


floor slab of the building in accordance with the following specifications 
provided by the building department. The test load was to be twice the design 
live load, plus any superimposed dead load added to the slab, such as finish. 
Deflection and recovery of the slab were to be judged by the 1951 ACI Code. 
If the slab met the test it would be rated at full capacity. It it did not meet 
the test it would be rated for the loading at which it did meet the test 
_ requirements of deflection and recovery. The load was to be applied in six 
increments. 


The second to sixth floor slabs were designed as stated, except the total 
empirical positive moments were increased by 10 percent before distribution to 
compensate for the redistribution of stress which occurs as the concrete 
shrinks or flows during the first year or two after construction. The first floor 
slab was not redesigned because construction had so progressed that it might 
delay completion of the building. The second floor slab (Fig. 2) was designed 
for uniform live load of 300 psf and was designated for the test. Fig. 3 shows 
the slab reinforcement. The slab is 14 in. thick with 1 in. of monolithic finish, 
and assumed equal to 1414 in. thick for design purposes. The steel columns 


which support the test portion of the slab are all 14 WF 320 with flange plates. 
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The building has been extended to 12 stories since the test was made, using 
light steel construction for the upper six stories. 


The E. L. Conwell Co. was employed by the owner to arrange for and run 
the test in accordance with the specifications of the Philadelphia Building 
Department. Prof. Paul Andersen, University of Minnesota, was employed 
to collaborate, and consulted with the company regarding test arrangements. 

He was called to Korea before the test was started and Professor Jensen was 
then employed to collaborate in running the test, compiling the data, and 
preparing the report. The maximum deflection in the six panels that were 
loaded was 0.3115 in. The 1956 ACI Code permits 0.517 in., and requires 
75 percent recovery 24 hr after load is removed. Recovery in this case was 
about 87 percent of the 0.3115 in. deflection. Details of the test follow. 


| 


ee JOINT 
me. cae 


CONSTRUCTION |JOINT 
25-2" 


+ 
eLee 
+ 
tt 
+ 


o 

~ 
° 

a 


~+ 


CONSTRUCTION |JOINT 


- 
So 
= 


=f 


=the 36° W280" pp) 33. WAI® a 
4h Rall he 
REMOVABLE | =X | |5) ap 
JO\NT- SLAB Silay 


STRUCTION WE 


pes! 


a. fre” 


tt oe BS 
= | a 
ee 2 Ste 


& Fig. 2—Location plan, second floor, Building D of Smith, Kline, and French Laboratories 


ad 


r 


pe 


July 1958 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


126 


IA3IIS LNO-HIONH 
VIC 8 WIdAL 


> 


NOWWINELS 


LOAD TEST ON SLAB Fi.OOR 127 


TEST PROCEDURE 


The load test was begun Aug. 22, 1956 after installation of the strain and 
deflection gages; a protective shoring safeguarded the construction personnel 
who continued work on the floor below the test panels. 


Installation of strain gages 

SR-4 electrical resistance strain gages, size A-1, were used. They required 
a space approximately 2 x 14 in. and were attached to the concrete surfaces and 
the surfaces of steel flanges of channels and reinforcing bars. In the case of 
steel reinforcing bars, it was necessary to remove (by filing or grinding) all 
corrugations for a distance of about 3 in., and the gages were formed to fit the — 
curvature of the bars. é 

Casting of the slab was completed before the gages were installed. Fig. 4 
shows wooden blocks over and under reinforcing bars and steel channels which 
were withdrawn after the concrete was placed, giving easy access to places 
of attachment. 

In order to prevent any direct contact between gages and the salt which 
was used for loading, where strain gages were attached to the top surface of the 
concrete slab and at the bottom of slots, small inverted boxes were made and 
placed over them. Both boxes and covers had holes for the connecting wires” 
which ran through metal conduit beneath the applied loads to the SR-4 
apparatus. 


STEEL REINFORCING ROD 


NOTE: TAPERED WOOD BLOCKS TO BE RE- 
MOVED AFTER CONCRETE HAS HARDENED. 


— WOOD BLOCK 


‘ Fig. 4—Removable wood blocks allowed SR-4 gages to be attached to channels and 
eA reinforcing steel after concrete had hardened 
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NOTE: ODD-NUMBERED GAGES ON TOP SIDE AND EVEN- 
NUMBERED GAGES ON BOTTOM SIDE OF FLOOR SLAB. 


_ Location of strain gages 
Fig. 5 shows the panel in which the strain gages were located as follows: 


1. Top flange of steel channel close to column 
2. Bottom flange of steel channel and opposite No. 1 
3. Top of concrete slab; east-west direction 
4. Underside of bottom reinforcing; east-west direction 
5. Top of concrete slab; north-south direction 
Bat) 6. Underside of bottom reinforcing; north-south direction 
hi 7. Top of concrete slab; east-west direction 
8. Underside of bottom reinforcing; east-west direction 
9. Topside of top reinforcing; north-south direction 
10. Underside of concrete slab; north-south direction 
ss. 11. Topside of top reinforcing; east-west direction _ 
: 7 12. Underside of concrete slab; east-west direction 
, 13. Topside of top reinforcing; north-south direction 
he 14. Underside of concrete slab; north-south direction 
eee’ 
In addition to these gages, temperature compensating gages were used on 
blank specimens of concrete and encased steel, and a pair of 120-ohm precision 
resistors checked indicator drift. 


Intensity and sequence of loading 


To secure maximum bending moments in both column strip and middle strip, 
six panels were loaded as indicated by the crosshatching in Fig. 6. The full 
load intensity was 600 psf. Strain gage readings were recorded at one-quarter, 


one-half, and three-quarter loadings of Sequence A and after each of the 
loadings indicated by A, B and C in Fig. 6. 
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Auxiliary tests 


In order to interpret correctly the results of the loading tests, stress-strain 
curves for both concrete and reinforced steel were obtained, as well as the 
ultimate strength values for both materials. In the case of the concrete, three 
SR-4 gages (type A-9) were attached 120 deg apart on the outside of 6 x 12-in. 
cylinders. The strains were recorded, averaged, and plotted for increments of 
200 psi. 


METHOD OF TEST 


The area bounded by columns X-7, S-7, S-5, and X-5 was roped off and 
dial micrometers were placed in position at the center of each bay and as 
indicated in the sequence of loading diagrams, Fig. 6. SR-4 gages were placed 
as indicated in Fig. 5 and attached to the SR-4 strain apparatus. 

The applied load consisted of 750 tons of salt (600 psf) bagged in 100-Ib 
units loaded 32 bags to a skid. Sequence A was developed and deflection 


LOAD SEQUENCE "A" 
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Fig. 6—The four loading LOAD SEQUENCE "D"—LOAD REMOVED 
, sequences 
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Fig. 7—Full load of 600 psf applied to test area during Sequence C 


readings were taken at 150, 300, 450, and 600 psf. The concrete slab under 
test was carefully inspected at each increment of loading for cracks or other 
signs of failure. The full load was allowed to remain in place for at least 24 hr, 
then placed in position for Sequence B. After 24 hr, Sequence C was developed, 
followed by a 24-hr recovery period. Fig. 7 shows the loading test in progress. 


TEST RESULTS 


The test results are summarized in Tables 1 and 2. 

Reduction of the SR-4 strain readings to stresses was made as follows. 
Stresses for steel were obtained by multiplying micro-in. per in. as recorded 
by the SR-4 strain apparatus by the actual modulus of elasticity of 30,300 kips 
per sq in. as obtained in the control tests. Stress for concrete were taken from 
Fig. 8, stress-strain curve of the concrete cylinder control tests. 


The results of the strength tests of the materials follow: 
Elastic limit, psi Ultimate strength, psi 


Average Minimum 
Concrete, 7-day test 3570 2900 
Concrete, 28-day test 4900 4300 
Reinforcing steel 46,100 79,700 77,600 
Steel channels 41,550 63,500 61,500 


_ Discussion of SR-4 gages 


Attempts were made at precise control of the SR-4 readings by using two 
types of reference gages. The first consisted merely of two 120-ohm precision 
resistors connected to the SR-4 indicator at the end of each set of readings. 
‘A small drift of the indicator was noted and corrections were duly made to all 


“gage readings. The second type consisted of temperature reference gages; 
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Fig. 8—Stress-strain curve for concrete 
control specimens 
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the idea was that these gages would undergo exactly the same changes of 


temperature as the gages attached to the key points on the test floor. These 
“dummy” gages presumably should change exactly as the test gages. Since 
these reference gages were on the circuit opposing the test gages, any tempera- 
ture changes were theoretically balanced out. 

The erratic behavior of Gage 14 was discovered after the loading was in 
progress, and it was considered hazardous to the operation of the other gages 
having wires in the same conduit to pull the wire leads for Gage 14 and replace 
them, 


CONCLUSION 


Visual examination of the test slab showed no signs of cracking or failure. 
Deflections and recovery were all within the special stipulations of the Phila- 
delphia Building Department. 

The stress-strain data taken by SR-4 gages indicate that none of the struc- 
_ tural members under test reached the elastic limit. 


_ These test results indicate that the “smooth ceiling’? construction as used in 
this slab met the requirements of the Philadelphia Building Code, and official 
approval for its use in Philadelphia has been given. 


_ Discussion of this paper should teach ACI headquarters in tripli- 
cate by Oct. 1, 1958, for publication in the March 1959 JouRNAL. 
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y Title No. 55-7 


Heavy Media Processing of Gravels in 
New Brunswick” 


By |. D. MACKENZIEt 
SYNOPSIS 


Materials of low specific gravity had to be removed from available local 
aggregate for the Beechwood development of the New Brunswick Electric 
Power Commission in order to produce concrete with satisfactory resistance 
to freezing and thawing. Heavy media separation plant used suspension of 
ferrosilicon and magnetite in water, removing aggregates which floated in the 
medium whose specific gravity was about 2.6. Aggregates which sank were 
cleaned and retained for concreting. Salvage and reuse of the suspension 
medium are explained. 


INTRODUCTION 


The Beechwood development of the New Brunswick Electric Power Com- 
mission is located on the St. John River approximately 100 miles upstream 
from Fredericton, N. B. The St. John, like the St. Lawrence, is an international 
and interprovincial river since its watershed extends into Maine and the 
province of Quebec. This development was constructed for the generation of 
power; initially there will be two units of 45,000 hp each, with provision for 
the installation of a third unit of similar size. Construction began in the 
early spring of 1955 and delivery of power began in November, 1957. 

The major portion of the some 200,000 cu yd of concrete required for the 
development was in the nine-gate sluice section, the two-gate regulating 
section, and in the powerhouse and intake sections where the water passages 
are unlined. The river flows in a south-southeast direction at Beechwood so 
that much of the downstream face of the structures will be exposed to severe 
frost action, particularly during late winter. In the gate section the concrete 
must resist the erosive action of high velocity flood discharge as well as this 


frost damage. 
AGGREGATE SOURCES 


Field investigation to determine sources of concrete aggregates began in 


the spring of 1954. The bedrock at the site is an argillite with a well developed, 


in places almost a slate-like, cleavage obviously unsuited for concrete aggre- 
gate. As a result of Pleistocene glaciation and postglacial stream action, 
there are numerous gravel terraces and bars along and in the river starting 


*Received by the Institute June 12, 1957; based on a paper presented at the tenth ACI regional meeting, 
Montreal, Quebec, Canada, Oct. 24, 1956. Title No. 55-7 is a part of copyrighted JOURNAL OF THE AMBPRICAN 
Concrete Institutn, V. 30, No. 1, July 1958, Proceedings V. 55. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Oct. 1, 1958. Address P. O. Box 4754, 


Redford Station, Detroit 19, Mich. 3 AS, 
+Member American Concrete Institute, Geologist, The Shawinigan Engineering Co., Ltd., Montreal, Quebec, 
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Fig. 1—Typical deterioration 

of structures over 30 years 

old; unprocessed local aggre- 
gates used in the concrete 


above Beechwood and continuing many miles downstream. Some of the 
terraces rise over 50 ft above present river level and contain thousands of 
yards of material. A megascopic examination of the gravels in the faces of 
the numerous pits that had been opened up in these deposits near the site 
indicated that there was too high a percentage of unsound, porous, and 
nondurable particles for the material to be classed as a top quality concrete 
aggregate. The gravel particles consisted of soft and hard shales, porous 
and dense sandstones, mudstones, siltstones, lavas, igneous rocks, chunks of 
ochre, and crystalline quartz. Due to their origin, the makeup and local 
grading of these deposits was highly variable. An examination of some of 
the older concrete structures in the region (Fig. 1), reportedly made with 
these gravels, confirmed the opinion that concrete made with this material 
would not have the required durability. 

The nearest known source of igneous rock was several miles away and to 
use this material it would be necessary to set up a quarrying operation and 
a crushing plant. After consultation, the New Brunswick Electric Power 
Commission authorized a complete investigation to determine the most 
economical source of concrete aggregates of the required quality. Sampling 
of all sources of aggregates and routine laboratory testing was begun. The 
local gravels met all the requirements including the soundness test until 
the results of freeze-thaw testing became available. Then and only then was 
_ the visual assessment confirmed. It was found that the sand as well as the 


gravel fraction was unacceptable. 


UPGRADING AGGREGATE QUALITY 


All efforts were then turned to seeking methods to upgrade the quality of 
the gravels. It was suspected that the troublemakers were the soft, porous 
shales, mudstones, siltstones, porous sandstones, and other particles in the 
gravels that had a low specific gravity. In 1948-49 at Rivers, Manitoba, 
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TABLE 1—COMPARATIVE TEST RESULTS ON CONCRETES MADE WITH 
GRAVITY-SEPARATED AGGREGATE FRACTIONS, 100 CYCLES OF 
' FREEZING AND THAWING 


Weight loss, percent 
Grading Concrete made with sink Concrete made with float 
fraction aggregates, specific fraction aggregates, specific 
gravity greater than 2.60 gravity less than 2.60 
No. 4 to 3 in. 0 9.8 
3% in. to 3 in. 4.82 P4il 
34 in. to 14 in. 1.29 10.7 
1% in. to 2% in. 0 10.9 


the Royal Canadian Air Force had successfully and economically improved 
a local gravel by the removal of the low specific gravity particles using equip- 
ment developed by the mineral industry.* This process is known as the 
heavy media or sink-float process and is capable of making a close separation 
on material retained on the No. 10 sieve. 

A trial separation was made in the laboratory of the Federal Department 
of Mines and Technical Surveys in Ottawa where equipment was available. 
The gravel particles were separated at various specific gravities and it was 
found that the particles remaining after the lighter 15 to 20 percent of the 
material had been removed were resistant to damage when subjected to 
freeze-thaw testing. A larger sample was separated, trial air-entrained 
mixes were made, cured, and tested in the freeze-thaw unit. Sand of known 
quality was used in these mixes. The concrete with the heavy aggregate 
had the required resistance; that made with the light fraction had very poor 
resistance (Table 1). 

It was decided that the gravel—that is, the material larger than 34 in.— 
would be processed and that the sand fraction would be discarded due to 
difficulties in carrying out gravity separations on fine materials. An excellent 

concrete sand available from St. John Harbor could be brought in by rail. 


Heavy media separation plant 
In order to make the necessary gravel separation, a drum-type heavy 
media plant was purchased. This unit came preassembled to the extent 
rail shipment would allow so that erection time was minimized. The unit 
required one operator, the connected power load was 75 hp, and it required 
approximately 500 U. S. gal. per min of water. This unit was known at the 
job as the sink-float plant. 
The separation of materials by specific gravity is based on the introduction 
of the particles of varying specific gravity to a suspension or medium main- 
tained at the specific gravity at which the separation is to take place. Particles 
that are lighter float like a piece of wood on water and the heavier particles 
sink. . 
‘ ¥Trites, C. V., and Shannon, J. D., “Aeceptable Aggregates from Low-Gradé Deposits, 


2? . 1950. : , mete ; : 
oe Wdions C. . and Shannon, J. D., “Mining Process Applied to Runway Construction, The Engineering Journal 


” Rock Products, V. 5%, 


(Canada), Apr. 1949. 
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Water has a specific gravity of 1.0 and a Canadian gallon of water weighs 
10 Ib. If 16.0 lb of a heavy powder such as magnetite or ferrosilicon is added 
to a gallon of water, the volume of the mixture is increased but slightly whereas 
the weight has increased to 26.0 lb, so that, if it is agitated to keep the powder 
in suspension, the effective specific gravity of the suspension or medium is 
nearly 2.60. Particles heavier than this will sink and the lighter will float. 
The sink-float plant is a series of pumps, piping, and other equipment 
which maintain at a definite specific gravity a suspension or medium to 
which the particles to be separated are introduced. 


Processing the aggregate 


The aggregate processing plant set up at the Beechwood gravel pit (Fig. 2) 
handled material which was excavated with a 34 cu yd shovel, hauled by 
truck to a charging hopper, and thence by a conveyor to a dry vibratory 
screen where most of the sand was removed. The oversize from this screen 
went to a twin jaw crusher; the crusher product and the undersize gravel 
were recombined and were passed over a second dry screen where further 
sand was removed. The gravel was then passed over a horizontal washing 

: screen to remove adherent fines. For successful operation of a gravity sepa- 
ration it is essential that all possible fines be removed. 

The washed gravel was then fed into the drum of the sink-float plant 
(Fig. 3). This drum, 8 ft long and 8 ft in diameter, was rotated at approxi- 

. mately 2 rpm, and was kept one-third full of the medium which consisted 
a of a suspension of ferrosilicon and magnetite in water; the suspension was 
constantly being pumped into the drum and flowed out through the dis- 
charge chutes. The lighter float particles were carried along on top of the 
flowing medium to the float discharge chute and thence to the float section 
Fy of the washing screen. The sink material went to the bottom of the drum 
and was picked up by lifters attached to the inner circumference of the drum; 
the lifters dropped it onto a second chute which discharged onto the sink 
or portion of the vibrating washing screen. This washing screen. was divided 
longitudinally with approximately 25 percent of the screen surface reserved 
for the float material and 75 percent reserved for the sink material. On the 


NY ta 

- dump trucks three-deck two-deck to sink-float 
unload here screen, plan’ 
soe 12x44 ft 


Fig. 2—Aggregate processing plant. Pit run material entering at left, gravity 
separated coarse aggregate discharged from sink float plant’on extreme right 


aa 


Fig. 3—Sink-float plant. Washed coarse aggregate enters drum on right; gravity 
separated aggregate discharged from belts to separate bins on left 


drum end of this screen the water, the ferrosilicon, and the magnetite began 
to drain off. Further along, high pressure water jets washed the medium 
from the gravel. The sink and float material (Fig. 4 and 5) were conveyed 
to surge bins, the float being trucked to waste and the sink fraction being 
trucked to the job site where it was separated into three sizes and stockpiled. 


Medium salvaged, reused 

The suspension or medium that was washed from the ageregates was 
pumped to a magnetic separator where the excess water and contaminants 
were discarded. The clean medium was then pumped to a spiral classifier 
where excess water overflowed to waste and the medium moved to the head 
of the unit where it was passed through a demagnetizer and thence back 
into the circuit. The spiral or screw on this classifier is adjustable so that 
the amount of settled medium remaining in the classifier can be increased 
or decreased. In this way the amount of solids in the suspension can be 
controlled and the resultant specific gravity of the suspension or medium 
ean be varied as required. 
In the operation of such a plant it is important to maintain the density 
of the medium. Determinations of medium density are simple and quick, 
and changes in density can be easily made by varying the clearance on the 
spiral in the classifier. | 

To keep the cost of the separation down, it is essential that the loss of 
medium be kept to a minimum. This can only be done by a thorough wash- 
ing of both the sink and the float fractions. Every pound of media going 
out of the plant represents so many more cents per ton on the cost of the 
processing. 

At Beechwood this plant operated from the late summer of 1955 until 
freeze-up and from early spring of 1956 into August for a total of 330 10-hr 


_ shifts. The production of finished aggregate was some 260,000 tons—nearly 


80 tons per hr or slightly more than 6 percent greater than the rated capacity 
of the machine. For short periods production was appreciably higher. 
To maintain the specific gravity of the medium, both ferrosilicon and 


magnetite were used. The over-all consumption was 0.543 lb of ferrosilicon. 
“and 1.12 Ib of magnetite per ton of finished gravel. A major portion of the 
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Fig. 4—Sink fraction of coarse aggre- Fig. 5—Float fraction of coarse aggre- 
gate. Particles are smooth, heavy, and gate. Particles are light, soft, and 
hard. Colors generally dark greys, frequently have rough surfaces. Color, 

browns, black generally light shades of brown and grey 


gravel particles were partially flattened and most of the medium lost adhered 
to the underside of these particles. Upward-directed spray nozzles placed 
above and below the intermediate deck of the screen would have washed 
the underside of these particles and would have substantially reduced the 
loss of medium. 


CONCLUSIONS 


As a result of the heavy media processing, coarse aggregate for the Beech- 
wood development was obtained for less than half the estimated cost of 
production from any other source. The process, if normal supervision is 
provided, is relatively trouble-free. It could be advantageously investigated 
by many producers of coarse aggregate who are having difficulty meeting 
the durability clause in specifications. 
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Title No. 55-8 


Load Test of 120-ft Precast, Prestressed 
Bridge Girder* 


By FAZLUR R. KHANt and ANDREW J. BROWNE 
SYNOPSIS 


General design data are given for four prestressed concrete highway bridges and 
two prestressed concrete railroad bridges, built at the U. 8. Air Force Academy site. 
One full size 120-ft girder was tested in two stages, leading to final destruction, in 
order to check workmanship and validity of design assumptions. First the girder 
alone was loaded to cracking. Then a 9 ft wide and 7 in. thick slab was cast to 
form a composite unit which was loaded to failure. Results of both tests are dis- 
cussed in detail. 


GENERAL DESCRIPTION 


Four four-lane prestressed concrete highway bridges ranging from 240 
to 600 ft long and two prestressed concrete railroad bridges, each 144 ft long, 
were planned for U. 8. Air Force Academy in Colorado Springs as a part of 
the site development. 

All the highway bridges have simply supported spans of 120 ft. The deck 

construction consists of precast, prestressed concrete girders spaced 9 ft on 
centers. The diaphragms are spaced at 20 ft. The 7-in. deck slab is cast in 
place. The highway bridges are designed for H20-S16-44 AASHO loading. 
The modified T-girder is 71 in. high; the 26-in. base tapers to 8 in. at the neck 
and flares out to 36 in. at the top flange (Fig. 1). 
_ The girder is designed for a concrete strength of 5500 psi at 28 days and 
4500 psi at time of prestressing. Concrete design stresses used are 2475 psi 
compression and 200 psi tension at transfer of prestress, and 2200 psi compres- 
sion and 136 psi tension at working loads. 

In the final condition a 9 ft wide, 7 in. thick slab of 3000-psi concrete acts 
with the precast girder as a composite unit. The composite section was de- 
signed for a live load moment of 2010 ft-kips, including impact; dead load 
moment, including precast girder, cast-in-place slab and 2-in. bituminous 
wearing surface, is 4027 ft-kips. Total working load moment thus becomes 
6037 ft-kips. . 

Each girder is post-tensioned by the Prescon method with 12 cables each — 
having 16 wires of 14-in. diameter. Prestressing wire has tensile strength of 
245,000 psi and minimum euaranteed elongation of 4 percent at rupture. It 


*Recei by the Institute Sept. 27, 1957. Title No. 55-8 is a part of copyrighted JoURNAL or THE AMERICAN 
oh V. 30, Nec, July 1958, Proceedings V. 55. Separate prints are available at 50 cents each. 
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leeli0 (TYP) 2-2 

END ELEVATION SECTION AT SPAN CENTER 

Fig. 1—Girder details | 
| 
| 
| 


e a thas a Young’s modulus of 29.1 X 10° psi. Wire stress at transfer was 176,000 
psi. 

, Two skew bridges for the railroad are designed for Cooper E-60 loading. 
_.. The precast, prestressed girder dimensions are the same as for the highway 

bridges, but lower design stresses are used and no tension is allowed at working 

loads. 


= - From an economical point of view, the efficient section is one with minimum 
web area. This generally leads to a T-section or I-section. However, esthetic 
requirements controlled the final choice of section and a small amount of 
economy was sacrificed. : 


‘The section with the tapered bottom has one definite advantage. Due to 
the 26 in. wide base and gradual taper, it is considerably simpler to arrange 
iste _ the prestressing tendons throughout the length of the girder. The 8-in. neck 
allows pairs of tendons to pass through without impairing spacing or clear- 
ah ance requirements. Also, due to the wide base it was possible to arrange the 
‘ tendons with their center of gravity only 6 in. from the bottom of the girder. 
ate 


y 


5 _ This is seldom possible with ordinary flanged sections. 


Bs 
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es PREDICTED ULTIMATE MOMENT 


For computing the ultimate moment capacity of an underreinforced beam 
only two quantities have to be known. One is the lever arm at failure and 
___ the other is the steel stress at failure. To compute these two quantities in a 
_ beam, several theories have been developed based on experimental data. 
These theories all rest on the assumption that at failure the section above the 
neutral axis is rectangular. For almost all commonly used sections, the above 
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assumption is true since the neutral axis at ultimate loads moves up into the 
flange area. 

A statistical study had been made from 35 beam test results reported since 
1940.1 Test results were analyzed for determining the steel stress a f,’ and 
the lever arm jd at failure. The values of a and 7 were plotted against a 
dimensionless parameter Q’ = EH, p/Kf.’ where E; is the elastic modulus for 
steel, p is the effective percentage of steel, and Kf,’ is the average compressive 
stress of concrete at failure. f,’ and f,’ are ultimate strength of concrete and 
steel respectively. Values of K were computed according to Billet and Apple- 
ton,” where 
K= 3000 + 1 fe’ 

1500 + f.’ 


for f.. = 3000, K = 1. 
Fig. 2 and 3 indicate that both a and j vary nearly linear with Q’. Lines 
drawn will have the following equations for @ and 7. 
a = 1 — 0.00258 Q’ 
j = 1 — 0.00325 Q’ 


On the basis of these equations, the ultimate moment for an underreinforced 
beam is expressed as 


Fig. 3—Diagram of j values 
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Fig. 4—Diagram of 7 values 


The factor y = aj is computed and plotted for corresponding values of Q’ 
in Fig. 4. 
For the 120-ft girder 
. Q’ = 29.1 X 0.00125 X 10*/3000 = 12.2 
for which y = 0.93. Therefore, the predicted ultimate moment for cables is 
M,,' = 0.93 X 9.384 XK 245 X 69/12 
= 12,350 ft-kips 
Ultimate moment capacity for mild steel* can be computed with reasonable 
accuracy by taking the same value of y 
M,," = 0.93 X 1.76 X 32 X 69/12 
= 300 ft-kips 
Therefore, total M uv = 12,350 + 300 = 12,650 ft-kips. 
Predicted jack load at failure is given by the equation 
12,650 = 145 P + (4027 — 392) 
392 ft-kips is dead load moment due to 2-in, wearing surface. 
P = 9015/145 = 62.5 kips = 31.25 tons 


TEST LOAD ARRANGEMENT 


_ To check the basic design assumption and to evaluate the effectiveness of 
the composite construction, the first 120-ft prestressed girder was tested to 
failure in two stages. In the first stage, the girder itself was loaded until it 
cracked and was then unloaded. In the second stage, a 9 ft wide and 7 in, 
thick concrete slab was cast on it to form a composite unit as actually used 


a 


in the bridge, and this unit was loaded to failure. 


; 7 _ The girder was supported on two 3 x 3-ft piers. Load was applied by ten 
ae equally spaced 50-ton capacity hydraulic jacks. The jacks were placed on 
3 ft wide beams to distribute the load. The upward reaction was carried 


*Yield point of mild steel is 50-60 percent of ultimate i i high strengt 
(which is 80-90 percent of ultimate) 5 yenelani me = Mowat ph ciersby- eae 3 a rice er 
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by 10-ft cross beams which were anchored into subpiers. The subpiers, 2 ft in 
- diameter, with 3 ft diameter bells were drilled in, to a depth of 15 ft, to resist 
the pull from the tie-down cables. 


INSTRUMENTATION 
Electrical strain gages 
SR-4 gages, Type A-9 with 6-in. gage length, were used to measure strains 
at the top and bottom surface of the girder. These gages were applied at: 
midspan and at the quarter points. Three gages were applied at. each face in 
each cross section to reduce possibility of erratic readings and also to detect 
lateral movement of the girder, if any. Strains were read with a Baldwin 
portable strain indicator. Dummy gages for temperature compensation were 
-mounted on unstressed concrete cylinders. 


Mechanical strain gages 


The distribution of strain in the concrete over the depth of the beam was 
measured with 10-in. Whittemore strain gage, reading to the closest 0.0001 
in. Strains at the two quarter points and the midpoint were measured on 
both sides of the girder. The gage lines were at 6 in., 1 ft 6 in., 4 ft 6 in., and 
5 ft 6 in. below the top of the girder (Fig. 5). Steel plugs /4 in. in diameter 
and 1{ in. long with gage holes were cemented to the sides of the beam to form 
the gage lines. 


119'-6 


10 
¢ OF SUPPORT 


SR4 TGAGES 


| ANCHORED TO 
SUBPIER 


Fig. 5—Test load arrangement and instrumentation 


Fig. 6—Load test in progress on composite section 


Dial indicators 

Deflections were measured at midspan and at every sixth point with dial 
gages reading to 0.001 in. For simultaneous check, steel scales reading to 
0.01 in. were attached to the side of the girder and readings were recorded by 
transit. 

Dial as well as transit readings were taken also at the end supports, and 
girder deflections were corrected for end support settlement. 


TEST OF PRECAST GIRDER 


_ The girder was loaded in 2.5 ton increments per jack. After every incre- 

ment the electric, Whittemore, and dial gage readings were recorded. At 
about 15-ton jack load, fine hair cracks were detected at midspan of girder. 
The test was completed at a load 17.5 tons. 

A maximum deflection of 3.65 in. was noted at midspan. The load-deflec- 
tion curve remained linear until the first cracks appeared. The average elastic 
modulus of concrete computed from the deflection curve was 4.63 X 10.¢ 
The cylinder test strength at time of load test was 5700 psi. The average 
elastic modulus given by the strains in the electric strain gages was 4.31 X 10° 
psi. The average of these two is 4.47 which is approximately equal to that 
given by the emperical expression: 


EF. = 1.8 X 10° + 460 f.' = 4.42 X 10° psi 


Based on the reasonable assumption that the total loss in prestress was 
10 percent at the time of the test, the apparent modulus of rupture was com- 
_ puted as 833 psi or 14.6 percent of the concrete strength. 


TEST OF COMPOSITE SECTION 


After Test 1, the top electric strain gages were removed and a 9 ft wide 7-in. 
slab was cast on the girder to form the composite section (Fig. 6). The form- 
work was supported by the girder to simulate field conditions. SR-4 gages, 
Type A-9, were attached to the top surface of the slab after it was hard and 
dry, and all other electric and mechanical gages were left in position. 


ELS el 


oe; 
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Loads were applied in 2.5-ton increments per jack. Readings of all the 
gages and scales were taken at every increment of load until a jack load of 
22.5 tons was reached. Load of 22.5 tons per jack was maintained 24 hr, and 
deflection readings were taken every 30 min. This load corresponds to about 
75 percent of the predicted ultimate capacity. After 24 hr the girder was 
unloaded and recovery measured. The additional recovery.35 min later was 
very small. 


The girder was then reloaded and all gages were read at load increments of 
7.5 tons up to 22.5 tons. Beyond 22.5 tons all gages were read at 2.5-ton 
increments. Most of the SR-4 gage readings were erratic above the 22.5-ton 
load. Beyond 27.5 tons the rate of deflection became very rapid and only the 
dial gages, the steel scales, and the Whittemore gages were read. When the 
jack load was approximately 30 tons, the beam yielded. Further jacking 
resulted in increased deflection, while indicating considerable reduction in 
jack pressure. At yield all cracks near midspan had opened up all the way 
beyond the neck and the deflection was about 15 in. Since further jacking 
would have required time-delaying shimming operation, it was decided to 
stop jacking. From the behavior of the girder it is apparent that the collapse 
load would not be appreciably greater than the yield load. 


TEST RESULTS 
Cracking pattern 


Cracks in the composite section were observed first near midspan at 12 
tons load. Since the beam was already cracked in Test 1, cracks opened up 
soon after bottom stress reached zero. As the load was increased, more cracks _ 
appeared. Fig. 7 shows the crack pattern at a load of 22.5 tons. The cracked 
area as seen is approximately a parabola. All cracks were practically vertical 
and were spaced uniformly about 12 in. apart. In post-tensioned beams where 
the cables are not grouted there is a tendency toward development of fewer 
but wider cracks. Proper grouting develops bond between the prestressing 
steel and concrete and results in a larger number of closely spaced cracks. 
It is evident from the test girder crack pattern that grouting was effective. 
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Fig. 8—Load-deflection curve for midspan 


Although the neutral axis at load near the ultimate moves up close to the ~ 


_ 8-in. neck, inclined diagonal tension cracks did not develop. 


Deflection 
: Fig. 8, 9, and 10 show the complete load-deflection diagrams for the mid- 
span, the third points, and sixth points. The curves for Test 1 give a fair 
- comparison of the relative stiffness of the girder itself with the composite 
section’s stiffness. 
The load-deflection curves for the three points measured are similar in 
- shape. The curve for the midspan deflection is linear up to about 12 tons 
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jack load. Beyond this, cracks near midspan opened up, causing an increased 
rate of deflection. At 75 percent of the yield load (22.5 tons), the total de- 
flection was 5.55 in. During the 24 hr this load was held, the girder de- 
flected another 0.6 in. The time-deflection curves over 24 hr and over the 
first 4 hr are shown in Fig. 11 and Ila. 

As the load was gradually released, up to about 58 percent of the yield load 
there was very little recovery of deflection. This is mostly due to the phe- 
nomenon of plastic lag. However, the rate of recovery soon increased. From 
the last part of the release curve it appears that the elastic modulus of con- 
crete at loading is greater than at unloading. Average elastic modulus for 
uncracked section at loading is computed as 4.6 X 10° psi, and the average 
elastic modulus for same loads computed from the release curve is 3.28 X 10.° 
The reduced apparent elastic modulus of concrete is a compensating after- 
effect of the earlier plastic lag. 


Depth of neutral axis 

The main object of using the Whittemore gages was to find the position of 
neutral axis at different loads and to detect lateral movement of the girder 
during test. The gages on both sides of the girder read practically the same 
until the end of the test, proving that there was no significant lateral move- 
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ment of the girder. The position of the neutral axis at every increment of 
load was computed for the midspan and the two quarter points as shown in 
Fig. 12 and 13. Up to the cracking load the measured position of neutral 
axis coincided with the computed theoretical location. After cracking, the 
neutral axis began to shift toward the top flange. At midspan the rate of 
rise of neutral axis was slower at lower loads. However, at about 70 percent 
of the ultimate load the neutral axis took a jump and from then on, till yield- 
ing, the rate of rise was practically linear. At 92.5 percent of ultimate mo- 
ment the ratio of depth of neutral axis to the effective depth became 0.09. 
At this load the neutral axis is well within the flange area. 


For the quarter point the ratio of depth of neutral axis to the effective 
depth is plotted against the ratio of actual total moment M, to the computed 
ultimate moment M, = 0.93 A,f,’ d. Just after the cracks opened, the neutral 
axis rose rapidly. This rate slowed down at about 0.6 of the ultimate mo- 
ment and then rose at a fairly linear rate. 


The behavior of the neutral axis at the midspan was different from that 
at the quarter point only at loads just after cracking. At midspan the rate 
of rise at this stage was slower probably due to the action of the mild steel 
reinforcement which tends to lower the neutral axis up to yield stress. At 
quarter point, the sudden jump of the neutral axis was due to the fact that the 
center of gravity of prestressing reinforcement is 13.5 in. above the bottom 


- surface of the girder. 


The average rate of rise of neutral axis both at midspan and at the quarter 
points was the same. Fig. 12 and 13 can be considered to be drawn for two 
separate beams, both underreinforced and yet having different percentage of 
prestressing steel, effective depth of steel, and sectional properties after 
cracking. Since the slopes of both the curves are the same, it leads to the 
conclusion that as long as the beam is underreinforced, the rate of rise of 
neutral axis with respect to percentage of ultimate moment is not appreciably 


affected by the percentage of reinforcement or by the proportions of the sec- 
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Fig. 13—Location of neutral 0.0 
axis at midspan 


Mr 7 Mutt. 


tion. It is felt that further research in this direction is required before a more 

general statement can be made. 

Factor of safety against cracking 
Moment at which the cracks opened in Test 2 is not the true cracking 
moment because the girder was already cracked in Test 1. From the first 
test an apparent modulus of rupture of 833 psi was computed. This can be 
also assumed for Test 2. Section modulus for bottom fiber of composite 
section is 26,800 in.* and assuming all losses to have taken place, the super- 

imposed moment that would cause cracks would be 
M = (1031 + 833) X 26,800/12 
= 4180 ft-kips 
Therefore, total cracking moment 
M, = 4180 + (4027 — 392) = 4180 + 3635 


7815 ft-kips 


The total load factor of safety against cracking is 
Fi. = 7815/6037 = 1.38 


and live load factor of safety against cracking is 


Fi. = (7815 — 4027)/2010 = 1.88 


Most of the prevalent specifications, except the Swiss, do not require any 
factor of safety against cracking. However a higher live load factor of 
safety against cracking reduces the possibility of deterioration due to weather. 


“Factor of safety against ultimate loads 

Ultimate moment was predicted to be caused by 31.5 tons per jack. In 
- test, the girder failed at a jack pressure of 30 tons. With the additional dead 
weight of the distributing beams and the men, the actual load per jack was 
-well above 30 tons, approaching the predicted failure load within a few percent. 
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The total load factor of safety against failure is, therefore, 
Fy = 12,650/6037 = 2.1 
and live load factor of safety against failure is 
Fi, = (12,650 — 4027)/2010 = 4.3 


It is apparent that the design was controlled by the factor of safety against 
total load. The live load safety factor on such spans seldom controls design. 


CONCLUSION 


1. Development of vertical cracks only indicates that the modified T-shape 
is adequate for ultimate shear requirements although it has a narrow neck. 

2. Proper grouting of cables is justified. Equal distribution of a large 
number of cracks indicates adequate bonding of prestressing steel. Test 
load proves that ultimate moment capacity computed for fully bonded con- 
dition is developed by efficient grouting. 

3. Load-deflection curve for the release of high sustained load shows the 
effect of “plastic lag” at the beginning of release. Later rate of recovery 
indicates apparent modulus of elasticity of concrete lower than that at start 
of test. . 

4. The rate of rise of neutral axis in an underreinforced beam is practically 
proportional to the rate of increase of total moment. For two underreinforced 
sections having different proportions and percentage of reinforcement, the 
ratio of depth of neutral axis to the effective depth is approximately same for 
equal percentage of ultimate moment applied on each section. 


ACKNOWLEDGMENTS 


Construction is under the direction of the Air Force Academy Construc- 
tion Agency, headed by Col. A. E. Stoltz as director. C. L. Tyler and E. A. 
Merrill head the Skidmore, Owings, and Merrill Colorado Springs office. 

A. 8. Horner of Denver has the general contract. A careful job of apply- 
ing all gages and taking the readings was done by Leonard J. Mitchell, ma- 
terials engineer, on leave from Bureau of Reclamation. 


REFERENCES 
1. Khan, F. R., and Appleton, J. H., “A Study of Tests on Prestressed Concrete Beams,’ 


2. Billet, D. F., and Appleton, J. H., “Flexural Strength of Prestressed Concrete Beams,” 


3 ACI Journat, June 1954, Proc. V. 50, pp. 837-854. 


8. Siess, C. P., “Strength of Prestressed Concrete Members,”’ Paper No. 3, Session B, 
_ Symposium on the Strength of Concrete Structures, London, 1956. 


Discussion of this report should reach ACI headquarters in tri 
licate by Oct. 1, 1958, for publication in the March 1959 soinesiae: 


‘ Part B, Third Progress Report on the Investigation of Prestressed Concrete for Highway 
' Bridges, Engineering Experiment Station, University of Illinois, June 1954. 


CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Restraining conditions of large bridge 
slabs in reinforced concrete supported 
by heavy edge girders resting on 
- columns (in Slavonian) 


S. Lapasne, Gradbeni Vestnik (Ljubljana), V. 8, No 
47-50, 1956-57, pp. 123-127 
Reviewed by J. J. PonivKA 


Thorough investigation and _ structural 
analysis of such flat slabs, demonstrated on 
example of an 11 in. thick slab spanning 23 ft 
between two 24x 30-in. edge girders which 
are supported by 24x 24-in. columns 19 ft 
high. Special attention is given to lateral 
forces. 


Simplified analysis of bridge arches 
rigidly connected with the upper 
structure (in Slavonian) 


Sverko Lapasne, Gradbeni Vestnik (Ljubljana), No. 
45-46, 1956-57, pp. 87-91 
: Reviewed by J. J. PottvKa 


Thorough study was made in connection 
with the Lesce-Bled bridge across the Sava 
River. Fundamental methods of distributing 
bending moments in the arch, and the span- 
drel structure in accordance with the stiffness 
of individual members are given. Influence 
lines for vertical loads are developed for full 
and partial restraint of the arches. It is first 
assumed that the moments of inertia of the 
arch and the spandrel beam follow equal 
variation, and additional corrections are 
introduced. 


Bridges and their builders 


Davin B. Steinman and Saray RvutTu Watson, Dover 
Publications, Inc., New York, Revised Edition, 1957, 


408 pp., $1.95 
A narrative of adventure and dramatic 
interest which sets the story of each bridge 


against a background of the life of the times 
in which it was built, this should be enjoyably 
constructive reading for both engineer and 
layman. Outstanding bridge structures are 
described in historial periods ranging from 
primitive times, through the Roman era, 
Middle Ages, Renaissance, etc., through the 
twentieth century. Section on “man-made 
masonry’”’ traces use of concrete as a bridge 
material from a 20-ft arch span built in 1889 
through contemporary applications of pre- 
stressed concrete, describes the rigid frame 
concrete bridge and floating concrete spans. 


Construction 


Critical analysis of traditional and 


modern building methods (in Dutch) 


B. H. H. Zwzers, Cement (Amsterdam), V. 9, No. 5-6, 
June 1957, pp. 185-186 
Reviewed by Joun W. T. VAN Erp 


Article compares building systems with a 
completely mechanized and continuous pro- 
duction line and others with combined cycles 
of operation. Examples are given of tradi- 
tional building methods and typical defaults, 
as far as efficiency goes, are indicated. Con- 
cludes that for maximum productivity 
standard units as large as can be handled, 
must be prefabricated complete with all 
accessories and finish. 


Unusual shell structure at Brussels 


World’s Fair (in Dutch) 


H. C. Duyster, Cement (Amsterdam), V. 9: No, 9-10, 
Oct. 1957, pp. 384-385; No, 11-12, Dec. 1957, pp. 447- 


450 
Reviewed by Joun W. T. VAN ERP 


A building constructed entirely out of 
hyperbolic paraboloid shells was built for the 
Philips Co. of Holland, a large electronics 
firm. The design by Le Corbusier called for 
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thin shells. These shells of 2-in. thickness 
were built up out of 4x 4-ft prefabricated 
units. These 2000 units, all of them curved 
and skew, were cast on a sandbed stabilized 
with cement grout. 

After erection prestressing was by wires on 
both sides. A preliminary stress analysis had 
been done on a scale model, and also a com- 
plete plywood model was built and pre- 
stressed as a check on the data as found from 
the other model test. All concrete being kept 
under compression, the only finish was a 
waterproof paint directly on the concrete. 
No other roofing material was required. 
Edges of shells were formed by ribs of cylin- 
drical cross section, cast in place and also 
prestressed to take care of bending as well as 
torsional stresses. 


Drinking water storage tank of 38,000 
cu yd capacity at Rotterdam (in Dutch) 


J. AARNoUDSE, Cement (Amsterdam), V. 9, No. 7-8, 
Aug. 1957, pp. 301-308 
Reviewed by Joun W. T. VAN Erp 


To cope with peak hour demands con- 


siderable storage capacity had to be provided. 


Tank is a concrete box about 200 x 230 x 22 ft 
high resting on 600 concrete piles. Roof is 
flat slab structure on square columns about 
20 ft on centers; floor and walls are 20 in., 
roof, 16 in. thick. For minimum shrinkage 
cement similar to ASTM Type I was used with 
lowest possible W/C ratio and revibration. 
Concrete was kept wet until tank was filled. 


Haniel high-rise garage in Diisseldorf 


_ (Die Haniel-Hochgarage in Diisseldorf) 


Witueim Gorrrz, Der Bauingenieur (Berlin), V. 32, 
No, 4, Apr. 1957, pp. 126-130 
Reviewed by Aron L. Mirsky 


Detailed description of construction of 


four-story garage, with ramps on the outside 
of the structure, suspended from cantilevered 


roof girders. Associated with garage is a 
two-level structure of interesting concept: 
the ground floor, almost entirely unenclosed, 
is occupied by a gasoline station and a 
cashier’s office so arranged that it supervises 


_ the entire facility; second story, supported by 
_ T-shaped concrete elements, is given over to a 


restaurant and small hotel. (For brief de- 
scription of these structures in English, see 
The Engineer, V. 197, No. 5119, Mar. 5, 1954, 
pp. 363-364; “Current Reviews,’’ ACI Jour- 
NAL, Oct. 1954, Proc. V. 51, p. 213.) 
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Concrete structures for the railroads in 
and around Rotterdam (in Dutch) 
S. Noyron, Cement (Amsterdam), V. 9, No. 3-4, Apr. 


1957, pp. 91-104 
Reviewed by Jonn W. T. Van ERP 


War damage has brought about extensive 
changes in the rebuilding of the nucleus of 
Rotterdam, including an almost entirely re- 
built railroad network with new station 
buildings. Most of the many underpasses 
required have been built as tunnels of com- 
plete concrete box sections. This proved to 
be most economical foundation-wise. Other 
interesting structures are the extensive shell 
roofs over the station platforms—graceful 
structures of “butterfly’’ cross section (3 in. 
thick shells). 


Construction Techniques 


Plastering and rendering. Part 1 
V. Sarerox, Bulletin, International Association of 
Testing and Research Laboratories for Material and 
Structures (RILEM) (Paris), No. 38, 1957, pp. 5-89 
Presents a very comprehensive report 
(translated from Swedish) on the historical 
development, materials, performance, and 
methods of application of plaster and stucco. 
Part 1 includes the entire bibliography of 218 
selected references. 


Repairs to concrete and masonry 


structures 
C, K. Cuoxsnt, The Indian Concrete Journal (Bom- 
bay), V. 32, No. 1, Jan. 1958, pp. 28-30 

Describes methods of repair and strengh- 
ening existing concrete and masonry struc- 
tures. Methods described include pressure 
grouting, concrete replacement, pneumatic 
application of mortar, and prepacked con- 
crete. 


Concrete dams (Beton-Staumauern) 
Friepricn Totkn, VDI a Wah (Disseldorf), V. 99, 


No. 15, May 21, 1957, p. 
Reciowel by Aron L. Mirsky 


Annual review (see also “Current Reviews,” 
ACI Journat, Mar. 1957, Proc. V. 53, p. 908), 
summarizing recent developments in concrete 
dam design and construction. 

Earth and stone dams are covered in other 
reviews in the same issue. 


CURRENT REVIEWS 


Register of dams in the United States 
T. W. Mermet, McGraw Hill Book Co., New York, 
1958, 444 pp., $12.50 

Provides the essential statistics on over 
2800 important dams in the United States. 
Gives name, location, structural data, owner- 
ship, engineer, and contractor. Lists dams 
alphabetically by name with a cross reference 
of reservoir names. Includes pictures of over 
300 dams. Also presents a summary of state 
laws dealing with dams. 


Design 


Addenda—Cylindrical thin shell roofs 
of circular section (in French) 
N. Denovsse, Bulletin, CERES (Liége), V. 7, 1955, 
pp. 3-118 
Original review of this article appeared in 
“Current Reviews,’ Sept. 1957, Proc. V. 54, 
p. 254. The following comments have been 
received from Mr. Dehousse, the author: 
“Tt is inadequate to state, as mentioned 
by the reviewer, ‘It is not apparent how the 


- flexural theory varies with the external load.’ 


In fact in any shell problem, treated according 
to the elastic theory, the flexural terms do not 
depend only upon the load applied over the 
shell, but also upon the boundary conditions. 
Thus, unless being very restrictive, it is not 
possible to give practical tables showing 
directly how the flexural theory varies with 
the external load.” 


A numerical method of analysis for 
doubly curved shell structures 
. P. Banerser, The Indian Concrete Journal (Bom- 


Ss) 
bay), V. 32, No. 1, Jan. 1958, pp. 14-20 

Derives theory and presents the applica- 
tion of a numerical method of analysis for an 
illustrative example to a hyperbolic para- 
boloid shell roof. 


Theory of structural analysis and de- 
sign 

James Micuatos, The Ronald Press Co., New York, 
1958, 552 pp., $12 : 

Theory and method of analysis for inde- 
terminate structures. Particularly suitable 
as a textbook for graduate courses in struc- 
tural analysis. It will also be a convenient 
source of information on analysis of unusual 
structures as a reference for practicing en- 


-gineers. Exact and approximate procedures 
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areincluded. Classical and modern numerical 
methods are described and illustrated by 
examples. The particular subjects covered 
include continuous beams, a very complete 
treatment of arches with extensive influence 
lines and tables for both vertical and hori- 
zontal loading on single or continuous arches 
and arches with ties, secondary stresses, 
buckling, space frames, curved structures 
loaded normal to their plane, and complex 
rigid frames. 


Simplified design of reinforcement in 
concrete structures under eccentric 
loading (in Slavonian) 
Srpan Turk, Gradbeni Vesinik (Ljubljana), No. 45-46, 
1956-57, pp. 99-107 
Reviewed by J. J. PoLivKa 

Author’s original method of calculating both 
reinforcements is accompanied by graphs and 
explained in various examples, based on 
determination of certain point 7 correspond- 
ing to the specific eccentricity and loading. 
The effect of buckling is also considered. 


Concrete silos 
T. J. 8. Matuacu, Transactions, Institution of Civil 
Engineers of Ireland (Dublin), V. 84, Bulletin No. 4, 
Mar. 1958, pp. 123-143 

A discussion of analysis, design, specifi- 
cations, and construction of industrial con- 
crete silos for storage of bulk solids. Reviews 
various theories for the design pressure, both 
static and dynamic. Considers the economics 
of cylindrical or prismatic cross section 
shapes and various systems of construction, 
including slip form, precast, and prestressed. 


-lImproved angle-balancing method for 


highly statically-indeterminate frames 
(Verbessertes Drehwinkel-Iterations- 
verfahren fir hochgradig statisch un- 
bestimmte Rahmen) 
H. Crammer, Der Bauingenieur (Berlin), V. 32, No. BN 
Mar. 1957, pp. 76-77 
Reviewed by Aron L. Mirsky 
Basic equation of slope-deflection method, 


without sidesway, 
EI 
My, = FEMy, — 2 a (2 oi + $x) 


is transformed into an expression better suited 
to iterational procedures. Numerical work 
is done on sket¢h of structure, as in Hardy 
Cross’ moment-distribution method, but is 
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said to be less subject to computational error 
than is moment distribution. Special cases, 
such as members with one end fixed, are easily 
accommodated. Two worked examples illus- 
trate method. 

In June 1957 issue, p. 235, Ernst Melan 
further discusses and compares both methods. 


Analysis of rigid frameworks subject 
to sidesway (in Rumanian) 


I. Harouen, Industria Constructiilor si a Materialelor 
ace (Bucharest), V. 8, No. 7, July 1957, pp. 
3 


Reviewed by J. J. PourvKa 


Method of elastic deformations by solving 
equations in which groups of simultaneous 
rotations at several rigid joints are redundant. 
Author’s method is applied to numerical 
examples of frames with multiple bays and 
floors and also to continuous frames with 
pitched girders. 


Elastic end-restraint of straight flights 
of stairs in girderless landing slabs 
(Die elastische Einspannung gerader 
Treppenlaufe in tragerlosen Podest- 


_ platten) 


Loruar Funxr, < A ated (Berlin), V. 32, No. 
3, Mar. 1957, pp. 90-9: 
Reviewed by Aron L. Mirsky 

Rigorous analysis, with effects of flexural 
and torsional stiffness of the landing slabs in- 
cluded, is shown to lead to more economic 
use of reinforced concrete than usual analysis. 
Two cases are investigated: landings freely 
supported at both sidewalls only, and landings 
supported on all three walls. 


Free vibrations of cylindrical shells and ° 


of rectangular plates of uniform thick- 
ness (Vibrations libres des violes 
cylindriques et des plaques rectan- 
gulaires d’épaisseur uniforme) 


JEAN Larras, T'ravaux (Paris), V. 42. No, 281, Mar. 
1958, pp. 180-182 


Avurnor's SUMMARY 


A study of the behavior of a unit mass of 


_ the surface of a shell under the action of the 


components of free vibrations considered as 
unit loads. By means of a transformation 


_ using Fourier series, calculation of strains 


reduces to the solution of a system of three 
homogeneous linear equations with three un- 
knowns. Shows how to calculate the period 
of free vibration. 


Design of eccentrically loaded columns 
by the load factor method. Parts 3and4 
J. D. Bennett, Concrete and Constructional Engineer- 
ing (London), V. 53, No. 3. Mar. 1958, pp. 119-128; 
No. 5, May 1958, pp. 201-211 

Part 3 gives design charts of eccentrically 
loaded columns with unsymmetrical cold 
worked reinforcement according to the method 
recommended in the ‘British Standard Code 
of Practice No. 114’’ (1957). Includes the 
cases of failure in compression with all the 
steel on the tension face; with all the steel on 
the compression face; or with various steel 
distributions and failure in tension with all 
the steel on the tension face; compression 
failure with the whole section in compression; 
or balanced failure with variable steel dis- 
tribution. Parts 1 and 2 were reviewed in 
“Current Reviews’? section of the ACI 
JOURNAL, Feb. 1958, p. 712, and Apr. 1958, 
p. 910. 


Part 4 deals with unsymmetrical mild steel 
reinforcement. Each part presents design 
curves for failure in compression or failure in 
tension. Complete with examples illustrating 
their application. 


Elastic instability of arches under 
stresses and deformations in their 
plane (in Italian) 
G. Crerapint. Giornale del Genio Civile (Rome), V. 94, 
No. 10-11-12, 1956; reprinted by State Polygraphic 
Institute, Rome, 1957, 132 pp. 
eviewed by J. J. PotrvKa 

Modern use of high strength structural 
materials has made thorough knowledge of 
elastic instability very important. Thorough 
analysis is presented of arches with one, two, 
and three hinges, restrained, circular, para- 
bolic, with constant and variable moment of 
inertia. First part deals with application of 


_Static criterion, influence of axial deformation. 


Part II covers energy criterion applied to 
parabolic arches of second and fourth degree 
with constant and variable moment of inertia, 
subject to concentrated and uniform loading, 
symmetrical and assymmetrical deformation. 

Part III discusses the title subject under 
consideration of the elastic theory of the second 
order. This part includes definitions of 


fundamental hypotheses, influence of deforma- 


tions on forces to which arch elements are 
exposed, virtual work of these forces and their 
potential energy, relations of orthogonality, 
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solution methods of equations of the indif- 
ferent equilibrium, and solution of the elastic 
problem of second order. 


Materials 


TVA uses nonspecification fly ash 
G. K. Lzonarp and P. A. Scuwas, Civil Engineering 
V. 28, No. 3, Mar. 1958, pp. 58-62 

Presents research data giving the properties 
of concrete made using TVA fly ash as an 
admixture. This mechanically collected fly 
ash is considerably coarser than fly ash 
meeting ASTM requirements for fineness. 
Concrete containing this fly ash performed 
about as expected. Several projects using 
this concrete are described. 


Pozzolana investigations with special 
reference to acid attack 
F. V. Dower, New Zealand Engineering (Wellington), 
V. 12, No. 12, Dec. 15, 1957, pp. 420-421 
HicHway RESEARCH ABSTRACTS 
Apr. 1958 
Discusses the problem and effects of sulfuric 
acid attack in sewers, the method of generation 
of the acid on the sewer walls, and methods 
for prevention of, or increasing resistance to 
attack. A suggested method of increasing 
resistance is by the use of pozzolans, the 
derivation and effect of which are described. 
Experiments showed that the use of a naturally 
occurring pumicite increased the resistance 
of portland cement concrete to attack by 
sulfuric acid up to concentrations of 2 percent. 


Structure and physical properties of 
hardened portland cement paste 
T. C. Pownrs, Journal of the American Ceramic 
Society, V. 41, No. 1, Jan. 1958, pp. 1-6 
AUTHOR’s SUMMARY 

Methods of studying the submicroscopic 
structure of portland cement paste are de- 
scribed, and deductions about structure are 
presented. The main component, cement gel, 
is deposited in water-filled space within the 
visible boundaries of a body of paste. Space 
filled with gel contains gel pores; space not 
filled by gel or other solid material is cap- 
illary space. Hygroscopicity of cement gel, 
and capillary pores, accounts for various 
aspects of the properties and behavior of 
concrete. Data on gel and paste structures 
are used in discussing strength, permeability, 
“ yolume stability, and action of frost. 


155 


Transactions of the conference on the 
chemistry of cement (Trudy Sovesh- 
chaniya po Khimii Tsementa) 


P. P. Bupnixov, Yu M. Burt,S.N. Royax, and M. O. 
YusHKEvicH (editors), Scientific Technical Society 
for the Construction Material Industry, 


Moscow, 
1956, 488 pp. 24R25K 


CrrAMiIC ABSTRACTS 
Mar. 1958 (Williams) 
This book is a compilation of papers on 
portland cement. The first paper by Budnikoy, 
gives the usual introductory review of the 
contributions of Soviet science to the chem- 
istry of cement. Thirty reports which follow 
cover chemical and physical properties. of 
cement, methods of testing these properties, 
effects of some admixtures, and certain 
aspects of cement manufacture. 


Studies in cement-aggregate reaction. 
Chapter 26—Comparison of the effect 


- of soda and potash on expansion 


C. E. S. Davis, Australian Journal of Applied Science 
(Melbourne), V. 9, No. 1, Mar. 1957, pp. 52-62 

Reports on laboratory investigation of the 
effect on opaline mortar bars of four sources 
of alkali: potassium hydroxide in mixing water, 
potash in cement minerals, sodium hydroxide 
in mixing water, and soda in cement minerals. 
Concludes that the expansion of mortar made 
from a reactive aggregate depends mainly on 
total alkali content of the cement, much less 
on which individual alkali predominates, and 
still less on how rapidly the alkali dissolves. 
In one group of comparable mortars, however, 
a smaller amount of soda than of potash caused 
the same expansion. Preceding chapter was 
reviewed in ‘Current Reviews” section, ACI 
JouRNAL, Jan. 1958, p. 631. 


Destructive alkali-aggregate reaction 


in concrete 
Technical News Bulletin, National Bureau of Stand- 
ards, V. 41, No. 12, Dec. 1957, pp. 199-200 
Hicuway REeseaRcH ABSTRACTS 
Apr. 1958 
Besides measuring the pressure developed | 
in the reaction, the study also considered the 


role of the physicochemical properties of the 


- aggregates in concrete disintegration. Read- 


ings over a period of several months indicate 
pressures above 2000 psi, which is greatly 
in excess of the tensile strength of concrete. 

The bureau found that alkalies alter several 
of the physicochemical properties of ag- 
gregates. Alkalies may either attack the sur- 
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face of the aggregate or cause appreciable 
swelling. Investigations on the hygroscopicity 
of the aggregate materials were conducted to 
determine the role of water in the alkali- 
aggregate reaction. Water is not only required 
for this reaction but is one of the chief con- 
stituents of the products resulting from the 
reaction. A possible correlation was found 
between hygroscopicity and destructive ex- 
pansion in various materials. 


Sydney fly ash in concrete. Part 2 
G. B. Wetcu and J. R. Burton, Commonwealth Engi- 
neer (Meitourne) V.45, No. 6, Jan. 1958, pp. 62-67 
AvuTHORS’ SUMMARY 
Results of an experimental investigation 
into the suitability of several Sydney fly ashes 
for use in concrete construction are presented. 
In the first part (see ‘‘Current Reviews’’ sec- 
tion of the ACI JourNAL, Jan. 1958, p. 912) 
details of the tests carried out were given, 
followed by preliminary discussion of results. 
In this part, results are examined in detail. 


Cauldon cement works 

The Engineer Geng): V. 204, No. 5307, Oct. 11, 
1957, pp. 529-53 

Cement with less fuel. 
process at Cauldon 
grat (London), V. 184, No. 4781, Oct. 25, 1957, 


Reviewed by Aron L. Mirsky 


The semidry 


Description of new cement works at 
Cauldron Low. Plant, first of this type in 
England, currently with one kiln but with 
provision for future expansion, has an annual 
capacity of 200,000 tons. Up to 40 percent 


saving in kiln fuel is claimed for semidry 


process as compared to wet process. 


Trend of development of aggregate 
preparation plants for producing con- 


crete on construction sites (Die Ent- 
_ wicklungsrichtung der Aufbereitung- 


sanlagen fiir Zuschlagstoffe fiir die 
Betonherstellung auf Baustellen) 


Bruno Zorpacnu, Der Herr caorind Berlin), V. 32, 
No. 4, Apr. 1957, pp. 135-14 t ) 


Weatat by Aron L. Mirsky : 


Good survey of the criteria for economical 


plant for quantity production of aggregate 


for projects, such as hydroelectric plants, 
dams, locks, etc., requiring high yardage of 
concrete, and of the modern equipment now 
available to satisfy these criteria. It is 


interesting to note that some portable crush- 


ing equipment of American origin is included. 


Paint research and technology—V. 2 
Engineering Progress at the University of Florida, V. 11, 
No. 12, Dee. 1957; Bulletin No. 94, Florida Engineer- 
ing and Industrial ‘Experiment Station, 156 pp., $4 

Includes 20 papers on paint technology. 
Three of the papers are particularly applicable 
to painting concrete masonry and concrete. 
They present results of research and actual 
performance of styrene-butadiene latex paints, 
polyvinyl acetate emulsion paints, and acrylic 
resin emulsion paints for concrete. The book 
should be useful as a supplement to the ACI 
committee report “Guide for Painting Con- 
crete,” particularly since it provides more 
complete and more up-to-date information 
on the three types of paint noted. 


Cement and clay grouting of founda- 
tions: The use of admixtures in cement 
grouts 


Pon ee Kier and Mitos PotivKa, Proceedin 
reap oe! ~ 84, No. SM1, Part 1, Feb. 1958, pp. 147-4 
to - 


AvurHors’ SUMMARY 


The theoretical and practical aspects of 
the use of admixtures are discussed with re- 
spect to grout mixtures of various composi- 
tions. Types of admixtures which are useful 
in grouts, with a brief discussion of the 
mechanisms involved, are described, as are 
also test equipment and methods of test for 
evaluating the contribution of admixtures to 
grout quality. Typical relationships among 
grout properties are illustrated. 


1957 supplement to book of ASTM 
standards (including tentatives). Part 
1—Ferrous metals 
finerioan Society for Testing Materials, Philadelphia, 
This 1957 supplement to Part 1 on ferrous 
metals contains the revised standards and the 
new and revised tentatives in these materials 
fields that have been accepted since the 
appearance of the 1956 supplement to book 
of ASTM standards. Seventeen of the 21 
standards are replacements of existing 
standards; similarly, of the 77 tentatives, 52 
are replacements of existing tentatives; 10 
represent standards revised and reverted to 
tentative, while 15 are published for the first 
time. Four standards and 11 tentatives 
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with minor revisions, and 4 tentatives adopted 
as standard in 1957 without revision are 
listed in the contents but are not published in 
this supplement. Also listed in the contents 
are two emergency alternate provisions which 
have been withdrawn. 


1957 supplement to book of ASTM 
standards (including tentatives). Part 
3—Cement, concrete, ceramics, ther- 
mal insulation, road materials, water- 
proofing, soils 

American Society for Testing Materials, Philadelphia, 
412 pp. 

This supplement contains the extensively 
revised standards and the new and exten- 
sively revised tentatives in these materials 
fields that have been accepted since the ap- 
pearance of the 1956 supplement to the 1955 
book of ASTM standards. Fifteen of the 17 
standards published in this supplement are 
replacements of existing standards; one 
standard represents a tentative revised and 
adopted in 1957; one standard represents a 
tentative revised and adopted in 1957; and 
one standard represents a tentative adopted 
as standard without change in substance, 
but with extensive editorial revisions. 


Precast Concrete 


Precast reinforced concrete roof trusses 
for public housing schemes (in Hebrew) 
A. Auwnyt, J. Ficumann, and J. Karnt, Research 
Paper No. 5, Building Research Station, Technion, 
Israel Institute of Technology, Haifa, 1957, 90 pp. 
Results of a survey in research on the 
manufacture and use of precast trusses for 
pitched roofs of residences in Israel. The 
various types of trusses manufactured and 
available are described as well as tests per- 
formed on these units. Methods of the pre- 
scribed testing procedures are given and 
recommendations for production outlined. 


Concrete products manual 
Florida Concrete and Products Association, Winter 


Park, Fla., 1957, 224 pp., $15 

A brief but carefully edited loose-leaf 
technical data and marketing reference hand- 
book to the concrete products available in 
Florida. The book features four sections: 
concrete masonry, ready-mixed concrete, pre- 


| “stressed concrete products, and precast 


~ 
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concrete products. Technical suggestions for 
specifications, technical data, cost data, and 
availability of products in each field are 
furnished. All fields are well described by a 
large number of excellent illustrations. 


Installation and mechanical equipment 
for precasting large structural slabs 
(in Rumanian 
M. Luca, Industria Constructiilor si a Materialelor de 
Constructii (Bucharest), V. 8, No. 7, July 1957, pp. 
384-387 
Reviewed by J. J. PoutvKa 

Description of the prefabrication plant for 
slabs cast of concrete with volcanic ash and 
ceramic aggregates, installed on the construc- 


tion site of a huge student dormitory. 


Precast large concrete slab houses in 
Czechoslovakia (Velkopenelové obyt- 
né domy v CSR) 


Svetta Francu, Stavebnicky 
Akadémie Vied (Bratislava), V. 6, 
pp. 337-353 


Casopis Slovenskej 
No. 6, Dec. 1957, 


Reviewed by J. StorK 


Evaluation of results and experiences with 
three different types and constructional sys- 
tems of multistory concrete houses assembled 
on site from large precast concrete slabs. 
Considered only types which have passed the 
experimental and semiproduction stage. 


Prestressed Concrete 


Fire resistance of prestressed concrete 


A. W. Hin, Constructional Review (Sydney), V. 31, 
No. 2, Feb. 1958, pp. 24-31 


Summarizes the results of research on fire 
resistance carried out in Great Britain and — 
draws conclusions from which tentative rec- 
ommendations may be made for code require- 
ments. Gives brief details of the standard 
test and a discussion of the general behavior 
of various types of prestressed structural 
elements. 


New system of prestressed silos 


W. J. Perri, Cement (Amsterdam), V. 9, No. 9-10, 


Oct. 1957, pp. 386-388 
Reviewed by Joun W. T. Van Erp 


Walls are built of radial shaped cement 
blocks, A prestressing reinforcement of single — 
steel wires (about 8 in. on centers) is wrapped 
around the walls and is prestressed in a simple 
way by pulling two wires together with mild 
steel tie wires at~many points on the peri- 
meter. The tension in these tie wires is a 
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measure of the tension in the prestressed steel, 
and can be easily measured. Protective cover 
1 in. thick is sprayed on. The system does 
not involve any expensive apparatus and is 
well within the capabilities of the average 
small builder. 


Prevention of crack formation § in 


cylindrical tanks (in Dutch) 


Mos Weta Van Der Hewen, Cement (Amsterdam), 
V. 8, No. 21-22, Oct. 1956, p. 526; V. 9, No. 3-4, Apr. 
1957, pp. 139-142 


Reviewed by Jonn W. T. VAN Erp 

Article concludes that prestressed reinforce- 
ment is only definite means of crack control 
for bigger tanks. Influence of cantilevered 
ring platforms is analyzed, also use of pre- 
fabricated anchor blocks. Examples of sewage 
treatment tanks are given as well as repair of 
cracked tanks by means of post-tensioned 
cables. 


Shell construction of the ‘Hydraulic 
Engineering Hall’’ of the Darmstadt 
School of Technology (Die Schalenkon- 
struktion der ‘“‘Wasserbauhalle” der 
T. H. Darmstadt) 


A. Meumet and H. J. Witrnesen, Der Bauingenieur 
(Berlin), V. 32, No. 2, Feb. 1957, pp. 46-48 
Reviewed by Aron L, Mrrsxy 
To provide 25 x 70 m of columnless space to 
accommodate the flumes, channels, and other 
experimental facilities of the new Versuchsan- 
stall fiir Wasserbau, roof was constructed as 
series of seven flat prestressed barrel vaults 
10 x 25 m in plan, supported only at the ends 
of their intersections by cranked columns. 
Shells were prestressed to reduce cracking 
and consequent danger of corrosion of rein- 
forcing due to damp atmospheric inside 
structure. For architectural reasons, end 
walls are constructed above the shells. 


Prestressed insulated concrete roofs 
for heated industrial plants (in Rumanian) 


I. P. Minar, Industria Constructiilor si a Materialelor de 
gy (Bucharest), V. 8, No. 7, July 1957, 


pp. 375- 
Reviewed by J. J. PotrvKa 


Study of special types of composite roof 
structures consisting of typical prestressed 
joists combined with lightweight insulating 
slabs interconnected with stirrups. Design is 
thoroughly discussed and analyzed for stand- 
ard top slabs 30 x 60 in. with 4 inside holes 
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at distances of 15 and 30 in., 30 in. being the 
spacing of the supporting joists. Nine dif- 
ferent types are investigated for spans from 
7 to 20 ft with tabulated results, amply il- 
lustrated, with all characteristic properties, 
especially thermal insulation, bearing capacity 
and waterproofing. Good results were ob- 
tained with slabs of cellular concrete cured 
under steam pressure. Various details of 
periphery joints and their grouting methods 
are described. Calculation is demonstrated 
by examples. 


: Properties of Concrete 


Elastic and permanent compression of 
concrete in short-time tests and the 
possibilities of influencing it (in German) 


J. Bonzer, Zement-Kalk-Gips (Wiesbaden), V. 10, No. 
10, 1957, pp. 421-30 

Ceramic ABSTRACTS 

Apr. 1958 


Discusses the precautions to be taken in 
determining the relation between the modulus 


of elasticity in compression and compressive - 


strength and the factors that affect it, such as 
storage conditions, temperatures, kind of 
sample, porosity, and water-cement ratio. 
Diagrams show the change in the modulus of 
elasticity and the compressive strength as a 
function of these factors in rapid test. 


Field soniscope tests of concrete, 1953- 
1957 tests 


E. C. Rosnore, P hae ig Memorandum No. 6-383, 
Report 2, U. S. Army Engineer Waterways Experi- 
a Station, Vicksburg, Miss., Mar. 1958, 14 pp., 


AuTHor's SUMMARY 


In 1957, pulse velocities were determined 
by soniscope testing at 160 stations in four 
dams (Clark Hill, Wolf Creek, Bull Shoals, 
and Norfolk), one lock (Tuscaloosa), and 
specimens at a field exposure station estab- 
lished in Georgia by the Portland Cement 
Association. Data obtained are to be used 
as a basis for evaluating subsequent changes 
in the concrete at the test locations, and will 
aid in the long range evaluation of the signifi- 
cance of data obtained from the soniscopic 
examination of concrete structures. 

The data were compared with similar data 
obtained in 1953 and 1955. The results 
suggest that changes in the concrete measur- 
able by pulse velocity, at all but four stations, 
during the period 1953-1957 have been of 
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minor magnitude and do not permit con- 
clusions as to the general trend of the concrete 
to increase or decrease significantly in 
quality. 

The concrete at four stations in Tuscaloosa 
Lock, Monolith 20, increased significantly in 
velocity. This is assumed to result from a 
filling up of the cracks in this monolith 
with an alkali-aggregate reaction product. 


Influence of cement on creep of con- 
crete and mortar 
A. M. Nevitun, Journal of the Prestressed Concrete 
Institute, V. 2, No. 4, Mar. 1958, pp. 12-18 
Considers the effect of type (chemical 
composition), burning, and fineness of cement 
on creep of concrete and mortar in compression 
and in tension. Essentially a progress report 
of laboratory research which is continuing. 
The principal conclusion is that creep appears 
to be inversely proportional to the rapidity of 
hardening of the cement used. Includes 17 
references on creep. 


Structural Research 


Strain measurement by means of elec- 
tromagnetic torsional strain gages 
(Meranei deformacii magnetoelektric- 
kymi torznymi tenzometrami) 
Trsor Javor, Stavebnicky Casopis Slovenskej Aka- 
démie Vied (Bratislava), V. 6, No. 6, Dec. 1957, 
pp. 375-382 
Reviewed by J. StorK 

‘Description and results of strain measure- 
ments of concrete beams and skew slabs made 
with new type of electromagnetic strain- 
gages designed on the basis of the Straka- 
Wiedemann effect and developed in C:echo- 


slovakia in 1953-1956. 


Experimental analysis of steel pen- 
stocks embedded in concrete in a rock 


tunnel (in Slavonian) 


Boris Vepuin, Gradbeni Vestnik (Ljubljana), No. 
45-46, 1956-57, pp. 67-73 
: Reviewed by J. J. PortvKa 


Measurements were made in the hydro- 


| electric plant Jablanica and Moste built in 


1951-56, where tunnels of 15 and 17 ft inside 
diameter were used. Measurements of de- 


- formations and stresses were made with elec- 


tric underwater strain gages. Results are 
presented in tables and diagrams. It was 
found that under interior pressure the steel 


pipe encased in concrete and placed in a, fairly 
solid rock carries only a small part of the 
pressure, the greater part being resisted by 
embedding concrete, 4 to 5 ft thick, which 
fills the space between steel pipe and solid rock. 


Hydraulic machine for testing model 
concrete shells 
A. 8. Haun, Constructional Review (Sydney), V. 30, No. 
12, Dec. 1957, pp. 22-25 

Describes a method for testing shells under 
uniform (radial) loads. The shell is posi- 
tioned upside down against a rubber mem- 
brane covering a steel tank which can be 
filled with water. The shell is bolted down by 
rigid supports across diaphrams. Load is 
varied by varying the pressure of the water 
beneath. Strain readings are taken by 
electrical resistance strain gages mounted on 
the specimen. 


General 


Building construction handbook 
Freperick §, Merritt (editor), McGraw-Hill Book 
Co., New York, 2nd Edition, 1958, 906 pp., $15.00 

In 29 sections, the book offers basic in- 
formation in all phases of building design and 
construction. It is designed as a practical aid 
for engineers, construction people, and man- 
agement for making decisions affecting design, 
materials, and construction methods. Each 
section is prepared by a specialist in the field. 
Subjects treated include legal aspects, prop- 
erties of various building materials, stresses, 
soils, concrete construction, structural and 
lightweight steel construction, and wood con- 
struction, heating and air-conditioning prob- 
lems, water supply and waste disposal, electri- 
cal installations, surveying, cost estimates, 
specifications, and insurance. 


Evaluation of electric meters for de- 
termining moisture content of fine 
aggregate 


_J.M. Pouarry, Technical Report No. 6-476, U.S. Army 


Engineer Waterways Experiment Station, Vicksburg, 
Miss., Mar. 1958, 22 pp., $0.50 


Avruor’s SUMMARY 

Three commercially available moisture 
meters were tested in both a laboratory and 
a field evaluation program to determine their 
ability to indicate accurately and instantly 
the percentage of surface moisture in sand. 
Tests were made using three gradations each 
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of a natural and a manufactured sand. In 
addition, one of the meters was tested at a 
field installation in the regular production 
of concrete for a period of approximately 2 
years. 

The test results indicate that the meters 
will show a change in the moisture content 
of the sands tested, that periodic calibration 
of the meters is necessary to maintain their 
accuracy, and that when properly used, they 
will assist in maintaining production of con- 
crete of uniform moisture content. 


Fundamental and practical concepts 
of soil freezing 
Bulletin 168, Highway Research Board, 1957, 205 


_ pp., $4 


The nine reports in Bulletin 168 add to the 
published information of a practical nature 
on theories and hypotheses concerning the 
fundamentals of the soil-water freezing phe- 
nomenon. The papers deal with the practical 
aspects of the relative thermal conductivities 
of different soils and pavements as they in- 
fluence soil temperatures; the ability of engi- 
neers to compute pavement temperatures from 
data contained in weather reports; and loss 
and recovery of bearing capacity of a wide 
range of soil types. 

Measures have been made of the relative 
amounts of frozen and unfrozen water in 
various types of soils, and the influence of 
that water on the properties of the soils. A 
discussion of available knowledge concerning 
thermal conductivity of soils and similar 
granular systems is included. 


Concrete—Judgment and _ inspection 
using the Schmidt sclerometer (Con- 
creto—Julgamento e inspeccdo pelo 
esclerometro Schmidt) 


A. A. Caupas Branco, Edition A. A. Caldas Branco, 
Série Divulgagiio, Rio de Janeiro, 1956, 100 pp. 
Reviewed by J. LAGINHA SERAFIM 


The author explains nondestructive tests 


using two models of the Schmidt sclerometer 
(rebound test). 


Rules necessary to obtain 
representative data from rebound tests on 
6x 12-in. concrete cylinders are suggested. 


_ Equations relating experimental data on the 


compressive strengths and the indications of 
the apparatus are given for the upward, 
horizontal, and downward tests. Tables with 
results of tests performed are given. 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


July 1958 


Ten years of building research 1947- 
1957 
National Research Council of Canada, Division of 
Building Research, Ottawa, NRC 4435, Sept. 1957, 
120 pp., $1 

Discusses and illustrates some of the tests 
and testing methods carried out by the 
Division of Building Research on materials 
and constructions, and for problems en- 
countered in Canadian building. Building 
materials, building design, soils, snow and 
ice problems, and fire research are some of 
the particular problems which have been 
studied. Includes a list of the publications 
available from the Division of Building Re- 
search as well as technical papers which 
have been presented but are not yet available 
as publications, including bibliographies and 
translations. 


Demolition by controlled blasting 
Ely) P we gias (London), V. 204, No. 5306, Oct. 4, 1957, 


Reviewed by Aron L. Mrrsxy 


It is perhaps an intrusion to review an . 


item such as this in a journal devoted to con- 
struction, yet the occasion for removal of 
existing structures arises—sometimes even 
resulting in an improvement—and the sub- 
ject matter is thus of interest as well as im- 
portance. 

Methods used for demolition of heavily 
reinforced concrete structures, in the center 
of London, including a “‘skin’’ wall for a war- 
time shelter, are described. 


Tentative method for the determination 
of the original water-cement ratio of 
hardened concrete 


A. W. tg ie Journal of Applied over’ (London), 
V. 7, Pt. 10, Oct. 1957, pp. 565-572 
Hiaaway Resrarcn Aysinaces 
Apr, 1958 

Method involves the determination of the 
capillary porosity of a dried sample of con- 
crete by refilling it with an organic liquid, 
measuring it as an increase of weight, and 
calculating the equivalent amount of water. 
Making an allowance for any carbonation 
which has taken place, the original water- 
cement ratio can be calculated. Experiments 
show that errors which might arise due to 
air entrainment, accidental or deliberate, are 
negligible. Possible effects of porous and 
calcareous aggregates are discussed. 


Title No. 55-9 


Curing Concrete” 


Reported by ACI Committee 612 
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E. E. BAUER W. R. JOHNSON MARK MORRIS 
H. F. CLEMMER BRYANT MATHER F. V. REAGEL 
Pee OVWELL FRANCIS A. McADAM GEORGE WERNER 
SYNOPSIS 


Five fundamental requirements for proper curing of concrete discussed in 
some detail are: (1) preservation of adequate water content in concrete; (2) 
maintenance of concrete at some fairly constant temperature above freezing; 
(3) preservation of reasonably uniform temperature throughout the whole 
body of concrete; (4) protection from damaging mechanical disturbances; 
and (5) passage of sufficient time for hydration of cement and hardening of 
concrete. Specific initial and final curing procedures and materials are rec- 
ommended for horizontal structures, vertical structures, mass concrete, and 
precast units. 


INTRODUCTION 


In this report, optimum curing is defined as the act of maintaining controlled 
conditions for freshly placed concrete for some definite period following the 
placing or finishing operations to assure the proper hydration of the cement 
and the proper hardening of the concrete. ; 


This definition is intended to apply to concrete made with portland cement or 
blends of portland cement with pozzolanic or other materials and is based on 
the conditions of moisture, temperature, freedom from physical disturbance, 
and passage of time that have been found to be essential to its proper hardening. 
If, within the curing period, natural temperatures of the concrete are within 
the acceptable range of values, only the moisture content needs to be controlled. 


_ If the natural temperature will be outside of the acceptable range of values, 


some means for the control of the temperature of the concrete will be required. 
Control of temperature throughout the curing period is desirable, but except 
for certain structures, it is less essential than other requirements. Uniformity 
of temperature throughout the mass of the concrete is desirable and in certain. 
structures essential for the production of a satisfactory result. The concrete 
mass should be kept free from damaging mechanical disturbance during the 
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curing period. Load stresses, heavy shocks, and readily apparent vibrations 
especially should be avoided.® Finally, time must be allowed for the hydra- 
tion of the cement and hardening of the concrete.*.* The amount of time varies 
with the rate of hydration and the degree of hardening needed for safe use. 
For hydraulic cements, these several conditions are the major factors other 
than the characteristics of the individual cement pertinent to the curing 
process. 


BASIC CURING REQUIREMENTS 


There appear to be five fundamental requirements for the proper curing of 
concrete.4:6.7.8.19.16 Each of these may be modified by the volume, mass 
distribution, and degree of exposure of the concrete and extent of the work in 
which it is used. The five requirements are: 


1. The preservation of an adequate water content in the concrete. 

2. The maintenence of the temperature of the concrete at some value 
above freezing as constantly as may be practicable during the curing 
period. 

3. The preservation of a reasonably uniform temperature throughout 
the whole body of the concrete. 

4. The protection of the structure from damaging mechanical disturb- 
ance, particularly load stresses, heavy shock, and excessive vibration 
especially during the early portion of the curing period. 

5. The passage of time for the hydration of the cement and harden- 
ing of the concrete to the degree necessary for the safe use of the article 
or structure which it forms. 


Preservation of moisture content 

The first requirement for the proper curing of concrete is the preservation of 
an adequate moisture content in the concrete following the completion of the 
placing operations. Water may be taken advantageously from the unhardened 
concrete if this is accomplished without removal of cement and is accompanied 
by a corresponding consolidation in the mass of concrete. 

Preservation of the moisture content of the concrete may be accomplished 
by any of several methods or by a combination of two or more methods. 
The surface of the concrete may be kept wet with water, or loss of moisture may 
be prevented or restricted by the application of impervious coatings, mem- 
branes, or coverings, or by the retention of forms. Forms alone without curing 
water added are an inadequate curing medium in warm and arid regions and 
they usually leave some surfaces exposed. Changes in both temperature and 
moisture content of the concrete may be minimized through the use of some one 
of a variety of coverings, blankets, or other media. Specific agencies employed 
in these several methods will be described in detail in the sections of this report 
dealing with the curing of concrete in the various types of structures in which 
it may be employed. 
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Control of temperature of concrete 

Curing of concrete may be accomplished in a wide range of temperatures. 
The rate at which hydration of the cement occurs varies with the temperature 
of the concrete, proceeding slowly at low temperatures somewhat above the 
freezing point of water, and rapidly at high temperatures somewhat below the 
boiling point of water. Concrete will cure at any low temperature above 
freezing; it is necessary only that sufficient time and moisture be provided for 
it to obtain required strength, and that it be protected from freezing. There 
is some evidence”? that curing at temperatures in excess of 150 F impairs the 
ultimate quality of concrete and therefore should be undertaken only under 
expert supervision and under carefully and positively controlled conditions.’ 
Some block plants steam cure at 180 F to provide high early strength without 
significant harm to the block for usual construction. Actually, little benefit to 
early strength is realized by curing at 180 F instead of curing at 150 F,” except 
possibly where fly ash is used in the mix.”* 

Methods employed for insuring a temperature of concrete within the range of 
acceptable values depend upon surrounding atmospheric conditions, length of 
curing period, type of structure in which used, extent of the work in which it is 
used, and volume of concrete involved. For protection against low tempera- 
tures, heating of the mixing water, heating of the mineral aggregates, and 
protecting the concrete after placement either by means of heated or unheated 
shelters or by use of coverings of insulating materials are required in varying 
degrees of thoroughness depending upon the atmospheric temperature, the 
extent of the work, and the volume and distribution of the concrete.® Pro- 
tection against high temperatures is a somewhat more complex procedure as 
the excessive temperature of the concrete may be derived from any one or all 
of three sources: the temperature of the surrounding atmosphere, absorption 
of solar heat, and the heat of hydration of the cement.’ As the temperature of 
the surrounding atmosphere is unlikely to exceed the maximum value for the 
range of acceptable temperatures except in curing chambers used for man- 
ufactured precast products, the principal needs are for protection against ab- 
sorption of solar heat and excessive heat of hydration of the cement. Reflective 
or insulating materials should be used for protection from the sun when con- 
crete is exposed to its rays during the curing period. Excessive temperature 
rise due to heat evolved by the hydration of the cement may be avoided by the 
use of cements or cement blends of low heat of hydration, reduced cement, 
precooled materials, or, in certain cases, the use of cooling systems to remove 
heat as it is liberated. 

Logically, the ideal curing temperature for a given concrete installation or 
structure may be a few degrees below the average temperature to which the 


~ concrete will be exposed during its period of service. Under this assumption, 


concrete placed and cured when temperatures are below this average has two 
requirements which should be met: (1) the temperature of the concrete when 
placed should be above freezing, and (2) during the curing period the concrete 
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should be kept between freezing and the average annual temperature of the 
atmosphere, preferably nearer the latter. Furthermore, at the end of the 
curing period, precautions should be taken to allow the concrete throughout 
its whole mass to approach gradually the temperature to which it is to be 
immediately exposed. The drop in temperature during the first 24 hr after 
curing ceases should be no more than 30 F for mass concrete or 50 F for thin 
sections. 7:74 


The major portion of the concrete construction of any region is probably 
undertaken when air temperatures are near or above the average annual value. 
The problem of curing in these circumstances involves the prevention of the 
loss of moisture from the concrete and the protection of the concrete against 
temperatures greatly in excess of the average annual value due to temperature 
of the air, the heat of hydration of the cement, and the absorption of solar 
heat.®.13.14,15,16,20 Jn most cases it is impractical to maintain a temperature of 
concrete much if any lower than the temperature of the surrounding atmos- 
phere. It is practicable and highly desirable to avoid temperatures in the con- 
crete appreciably above that of the surrounding atmosphere. This may be 
done through appropriate curing methods which insure at least that much 
control of the temperature of the concrete as well as control of the moisture 
losses from the concrete. 


In mass concrete construction, the aggregates may be cooled artificially, 
cement with a lower heat of hydration may be used, and, if early low internal 
temperatures are desired, a pipe cooling system may be installed within the 
concrete, all for the purpose of reducing and controlling the temperature rise 
of the concrete. In such circumstances it is desirable to place the concrete at 
as low a temperature as practicable and to maintain a relatively uniform tem- 
perature throughout the concrete during the curing period.*! In those cir- 


cumstances curing is largely confined to this control of the temperature of the 
concrete. 


Temperature control for manufactured precast concrete may be in general 
more readily accomplished than for other concrete work. For most efficient 
use of the relatively smaller working space for this type of concrete work than 
is used for the other types it is desirable to reduce the curing time to a mini- 
mum in order that the finished product may occupy the curing space for as 
short a time as possible, Curing temperatures, usually provided by the use of 
steam, may be high to accelerate curing but should not exceed 180 F, pref- 


erably 150 F, at atmospheric pressure and should not fluctuate rapidly enough 
to cause damage to the product." 


Physical disturbance of concrete 


Early progress of the hydration of the cement in the concrete is indicated 
by the setting or solidifying and finally the hardening of the mass. Continu- 
ous mechanical disturbance of the concrete during this process will result in 
the failure to form the integral solid intended in the design of the structure, 


‘ 


a 
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and the member or structure will fail to attain the strength for which it was 
designed. During the setting period and for a short time thereafter concrete 
has little ability to take stress. The ability to take that for which the member 
or structure was designed is attained in the curing process which provides a 
favorable opportunity for the adequate and early hydration of the cement. 
Premature stressing or loading of the concrete is therefore to be avoided. 
Damaging shock from explosives, from heavy falling objects, or from other 
construction operations should also be avoided.® 


Length of the curing period 


The amount of time required for the concrete to attain the strength desired 
for safe use or to attain the desired degree of hardness varies with the tempera- 
ture at which the concrete is cured, the rate of hydration of the cement used, 
and the availability of moisture for hydration of the cement. When the 
moisture content of the concrete is maintained at or near that at the time of 
placing, the length of the curing period depends upon the temperature of the 
concrete and the rate of hydration of the cement used. For freshly placed 
concrete, hydration of the cement proceeds slowly at temperatures near the 
lower limit of the acceptable range and rapidly near the upper limit of that 
range. 


In favorable circumstances, hydration of the cement appears to continue 
for a long period at a decreasing rate after the concrete is placed. As a conse- 
quence, hydration subsequent to any practicable length of curing period is at 
a much lower rate than for the early hours and days immediately after the 
placing of the concrete. Considerable evidence is available that hydration of 
the cement may cease at any time because of lack of available moisture or be- 
cause of unfavorable temperatures in the concrete and will resume when mois- 
ture is again available and temperatures are favorable.4;* The improbability 
of continuous favorable circumstances and the low rate of hydration of the 
cement in hardened concrete combine to establish the virtual necessity of obtain- 


ing the greatest possible percentage of useful hydration of the cement under 


the controlled conditions provided in an appropriate and adequate early cur- 
ing period. 


- Acceleration of hydration of cement 


a ee 
' _ ‘ 


Considerable effort has been expended in studies of methods for shortening 
the curing period. As a consequence it has been determined that provision 
may be made in some work for shortening the curing period through the use 
of accelerators in the concrete, through the use of cements having a high rate 
of hydration, or through elevation of the temperature to a value near the upper 


extreme of the acceptable range of temperatures. These special procedures 


for the reduction of the length of the curing period should be used under the 
direct supervision of personnel skilled in their use in the type of construction 


being undertaken, 
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RECOMMENDATIONS FOR OPTIMUM CURING 


Classifications of structures 

1. Horizontal units are those in which the principal surface of the concrete 
is in a horizontal position and large in proportion to the vertical surfaces and 
in which the least dimension of concrete is 2 ft or less. 

2. Vertical units are those in which the principal surfaces of the concrete 
are in a vertical position and large in proportion to the horizontal surfaces 
and in which the least dimension is 2 ft or less. 

3. Cubical units are those in which the least dimension of concrete is more 
than 2 ft, either for that placed in a single operation or that placed in a series 
of casting operations to form a structure having a least dimension in excess 
of 2 ft. 

4. Precast units are those in which the concrete product is cast and finished 
in a place or position other than that which it is to occupy in service. 


Typical examples of the types of units classified as horizontal units are 
pavements, sidewalks, canal linings, roofs, and small docks; typical of those 
classified as vertical units are walls, small piers, small abutments, small dams, 
and small columns; typical of those classified as cubical units are large piers, 


large abutments, large dams, and other massive concrete structures in which | 


the least dimension is more than 2 ft; and, typical of those classified as precast 
units are concrete pipe, building block, brick, precast structural members, 
burial vaults, piles, and fence posts. 


Optimum practice for curing horizontal units: pavements, sidewalks, canal 
linings, small docks, and building floors 

Initial curing—Immediately after the finishing operations are completed, 
the concrete should be covered with two thicknesses of an approved woven 
fabric, a quilted fiber mat, or other covering of an approved absorptive material 
thoroughly saturated with water when placed. This covering should be kept 
saturated with water by spraying until removed. This covering should remain 
in place at least until the peak of the temperature of the concrete produced by 
the heat of hydration of the cement has been passed. This period will vary 
with the initial temperature of the concrete, the temperature of the surround- 


ing atmosphere, and rate of hydration of the cement used, but should be at 
least overnight. 


The initial curing may be discontinued at the end of the initial curing period 
provided that an acceptable substitute curing agency be used for the remainder 
of the curing period. Curing agencies and procedures which may be substi- 
tuted in the final curing period for the wet coverings used in the initial curing 
period should be applied immediately after the removal of those coverings, and 
before the surface of the concrete has had an opportunity to become dry. 


Final curing—An acceptable curing agency for application after the initial 


curing period and for the final curing period may be chosen from the 
following list. 
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1, The covering used in the initial curing period kept in place and in the same condition 
as for the initial curing period. 


2. Two in. of moist earth or sand evenly distributed over the surface of the concrete 
and kept thoroughly saturated by spraying with water. 


3. Three in. of moist cured hay, grass, or clean straw uniformly distributed over the 
concrete and kept wet by a water spray. 


4, Approved impervious light colored paper or plastic coverings placed and main- 
tained in contact with the surface of the concrete. 


5. Approved impervious coatings which may be developed from liquid compounds 
sprayed on the surface of the concrete. When concrete is exposed to the rays of the 
sun these coatings should be light colored. If darker in color than the concrete, they 
should be covered completely with a heavy coating of whitewash as soon as they have 
hardened. This is necessary to avoid absorption of solar heat. 


Alternative combined initial and final curing—In certain circumstances, 
initial curing under water-saturated covering may be impractical or impossible 
in a given location or for a given series of projects. For example, (1) materials 
for use in woven fabric or quilted coverings may be unavailable, (2) temporary 
governmental restrictions on the use of these materials for curing concrete 
may prevent their usage for curing, or (3) water spraying on completed work 
may interfere with construction operations on adjacent new work. 

In such circumstances, the best alternative is the application of approved 
impervious light colored paper or approved impervious coating materials 
directly upon the surface of the wet concrete either immediately following the 
completion of the finishing operation, or, at the latest, immediately following 
the disappearance of the water sheen from the surface of the concrete. This 
practice will usually permit somewhat greater moisture loss during the early 
curing period than that which would be attained were the concrete cured 
initially under wet coverings and finally under impervious paper or impervious 
coatings. 

‘Final decision in the selection of the method of curing must balance the dis- 
advantage of this slight deficiency in strength against the advantages of the 
services which may be made available only through the construction of con- 
~ erete of somewhat lower quality than might be had under more favorable 
circumstances. 

Temperature—When the temperature of the atmosphere is 40 F or more, the 
final curing agencies should remain in place for at least 72 hr and for such addi- 
- tional length of time as may be required for job cured specimens to have 
attained the compressive or flexural strength required of the concrete at the 
age tested. When the mean daily temperature of the atmosphere is less than 
40 F, the concrete should be so protected as to maintain within it a temperature 
of 50 to 70 F for the curing period required. . 
~ Accelerators—Approved accelerating agents may be used with normal setting 
cements, or cements with a rapid rate of hydration may be used to reduce the 
length of the curing period in the event urgent need for the facilities being 
provided is indicated. Field specimens should be prepared and tested to deter- 
mine the length of curing period required for the concrete to attain the desired 
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hardness and strength in each case where an accelerating agent or cement with 
rapid rate of hydration is used. 


Other surfaces—Edges of pavements, sidewalks, or other structures sup- 
ported by forms during the placing and finishing operations should be sealed 
with an impervious coating material immediately after the removal of the 
forms in the event the particular curing method in use on the job fails to pro- 
vide proper curing of these surfaces. 


Optimum curing for vertical units: walls, small piers, columns, floors, roofs, 
small dams, and small abutments wherein the least dimension is less than 2 ft 

Initial curing—Immediately after the finishing operations are completed 
or upon cessation of placing operations for a period of more than 3 hr, the ex- 
posed surface of the concrete should be covered with two thicknesses of an ap- 
proved woven fabric, an approved quilted fiber blanket, or other cover of highly 
absorptive material thoroughly wet with water when applied. This covering 
should be kept saturated with water by spraying with water until removed. 
This covering should remain in place for at least 96 hr. Except where required 
to support concrete subject to dead-load flexural stresses or the forms support- 
ing concrete subject to such stresses, the forms in which the concrete is placed 


may be removed after 24 hr and any of the methods used for initial curing of . 


exposed surfaces applied for the balance of the 96-hr curing period. 


If for any reason it becomes necessary or desirable after the expiration of 
96 hr to discontinue the initial curing practices, or to remove the forms before 
the concrete has attained the strength desired, provision should be made for 
additional curing under controlled conditions and for continued support of 
the concrete wherever dead-load flexural stresses in the concrete develop upon 
removal of the forms. 


Final curing—Upon removal of the wet coverings used for the initial curing, 
any one of the following methods for final curing practical or desirable in a 
given project may be used. 


1. Application of a continuous mist spray of water directly on the concrete. 


2. Application of an approved impervious paper or plastic covering directly upon the 
surface of the concrete. 


3, Application of an approved impervious coating material upon the concrete. 


4. Application of a layer of wet sand at least 2 in. thick (top of horizontal portions 
only). 


Temperature—When the temperature of the surrounding air is 40 F or more 
the total length of curing period should be at least 10 days, the initial curing 
period at least 4 days, and a final curing for the remainder. For temperatures 
near 40 F the final curing period should be continued beyond 10 days for such 
additional time as may be required for job cured specimens to have attained 
the compressive or flexural strength required of the concrete. When the 
mean daily temperature of the surrounding air is less than 40 F the concrete 


CURING CONCRETE 169 


should be so protected as to maintain within it a temperature of at least 50 F 
to 70 F for the curing period. 


Accelerators—Accelerating agents may be used with normal setting cements 
or cements with a rapid rate of hydration may be used to shorten the curing 
period. Amount of reduction in length of curing period should be determined 
from strength tests on field specimens of concrete used in the structure and 
subjected as nearly as may be possible to the same curing conditions as the 
concrete in the structure. 

Transition period—Care should be taken either at the end of the curing period 
or upon removal of the forms to avoid sudden exposure to temperatures greatly 
different than that at which the concrete was cured. Particular attention 
should be given this matter in cold weather when exposure should be made in 
such manner as to allow time for the whole mass of concrete to approach gradu- 
ally the temperature to which it is to be subjected immediately following the 
curing period. In no case should the temperature change at the suface of the 
concrete be greater than 5 F in any hour or be greater than 50 F in 24 hr. 


Optimum curing for cubical units: large piers, large abutments, large dams, 
and other massive concrete sections in which the least dimension is 2 ft or more 

1. As a prerequisite to proper temperature control of mass concrete, arrange- 
ments should be made for the temperature of concrete as placed to be as low 
as practicable, but consistent with economy and design considerations. In 
any event, the internal concrete temperature during hydration should not 
reach. a value in excess of 20 F above the mean annual temperature. In work 
of sufficient importance and magnitude to justify the expense, arrangements 
should be made when necessary for the installation of a cooling system within 
the concrete mass for the reduction of the temperature of the concrete to the 
extent required to maintain a relatively uniform temperature through the 
whole mass of the concrete and to keep temperature of the mass within the 
range for proper curing. Ina similar situation, the use of a cement with a low 
heat of hydration is advisable. Instead of by a cooling system within the con- 
crete mass, the concrete can be artificially cooled before placing by adding ice 
at the mixers, or by inundating the coarse aggregate in ice water, or by passing 
cold air through the aggregate bins, or by a combination of these methods. In 
extremely large structures, any of these methods can be used in combination 
with a cooling system within the concrete mass. 

2. Immediately following the cessation of placing operations for any reason, 
~ action should be taken to keep the exposed surface of the concrete continu- 
ously wet. . 

3. Immediately following the removal of forms, the newly exposed surfaces 
should ‘be kept wet when air temperatures are in excess of 40 F. Forms may be 
- removed as soon as the concrete has hardened sufficiently to stand without 
lateral support under weight of superposed concrete and forms for that con- 
crete. In mean daily ambient temperatures less than 40 F the exposed con- 
‘crete should be sheltered and maintained at some temperature above 40 F. 
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4. For outside surfaces of the concrete mass the wetting should be con- 
tinued for at least 3 weeks for concrete made with low heat cements and for 
2 weeks for concrete made with normal or modified cements. 


5. For the vertical construction joints between sections and for the hori- 
zontal construction joints introduced through the suspension of placing opera- 
tions, the wetting should be continued until just prior to the preparation of 
these surfaces for the resumption of the placing operations which will cause 
them to be covered with fresh concrete. 


6. Immediately following the removal of forms, liquid membrane-forming 
compounds may be applied to the newly exposed surface in lieu of the method 
of treatment prescribed in Paragraph 3; providing these surfaces are not to be 
covered subsequently with concrete or the appearance of the exposed surfaces 
in the finished structure will not be adversely affected by the application of 
such compounds. 


7. In the event a long continued period intervenes between placing opera- 
tions the vertical joints should be kept wet for the specified curing period in the 
manner prescribed for outside surfaces in Paragraph 4 above. If the vertical 
joints are to be exposed for periods of more than 30 days, the concrete may be 
protected, after removal of the forms, with a nonabsorptive insulating board 


until these surfaces have been covered with concrete from the adjoining blocks. | 


Horizontal joints should be cured by placing and maintaining upon the concrete 
for a period of 3 weeks, a 2-in. layer of wet sand. 


8. In the preparation for the resumption of casting operations, the surfaces 
to be covered by fresh concrete should be kept wet for 3 days immediately 
preceding these operations. 


9. Care should be taken either at the end of the curing period or upon re- 
moval of the forms to avoid sudden exposure to temperatures greatly different 
than those maintained for the curing period. Particular attention should be 
given to this feature in cold weather. Insofar as possible, exposure should be 
made in such manner as to allow the whole mass of concrete to approach gradu- 
ally the temperature to which it is to be subjected immediately following the 
curing period. 


10. Accelerators to increase rate of hydration of cement and cements with a — 


rapid rate of hydration should be avoided in mass concrete because they in- 
crease the rate of heat evolution. 


Optimum curing for precast units: concrete pipe, building block, precast 
structural members, fence posts, burial vaults, and garden furniture 

Initial curing—Immediately after the completion of the casting operation 
for molded precast units, each article should be covered or enclosed by two 
layers of an approved water-saturated fabric until placed in position for final 
curing. The length of initial curing for units going into final steam curing will 
vary with steam curing temperature. From 1 to 4 hr is indicated, the higher 
the temperature, the longer the period.?? 
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Final curing—For final curing each article may be cured in the place in 
which cast under the original covering which must be kept thoroughly satu- 
rated for the entire curing period. For final curing each article may be moved 
at any time to a special curing chamber, where it may be left uncovered in an 
atmosphere completely saturated with either a mist spray of water or of steam. 
In lieu of this treatment, final curing may be accomplished under two layers 
of an approved wet fabric thoroughly and continuously saturated with water 
for the entire curing period. The temperature of a curing room at atmospheric 
pressure should be maintained uniformly at some value between 50 and 180 F. 
Final curing may be performed under a pressure between 100 psi and 150 psi 
in saturated steam at 335 to 366 F. 
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APPENDIX—APPROVAL OF MATERIALS 


At intervals throughout this report reference to “approved materials,” or “approved,” in 
the designation of a material to be used in curing concrete implies reference to a standard 
specification or standard methods of testing for the quality of material as a prerequisite to the 


use of a given material for curing concrete. In this report it is therefore assumed that the basis 


of approval of such materials will be the generally accepted and authoritative standard speci- 
fications for quality, for composition, and for fabrication, and the results of the generally 
accepted and authoritative standard methods for testing these materials. These generally 
accepted standards are those of the American Society for Testing Materials, American Associ- 
ation of State Highway Officials, American Standards Association, and agencies of the federal 
government. 


Discussion of this report should reach ACI headquarters in tripli- 
cate by Nov. 1, 1958, for publication in the March 1959 JourNAL. 
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SYNOPSIS 


This report is a preliminary step in the preparation of a recommended prac- 
tice for design and construction of concrete formwork. It presents recom- 
mended design assumptions for lateral pressure of concrete on vertical form- 
work when revibration and external vibration are not to be used. It is intended 
to provide a safe guide within the range of most formwork and common con- 
struction conditions. 

Part 1 was compiled from data first available, and on that basis certain 
recommendations were made (p. 178). Subsequently more data became avail- 
able and are discussed in Part 2. From these further studies, modifications 
were derived in the conclusions (p. 189). 


PART 1—DISCUSSION OF VARIABLES AND DEVELOPMENT OF FORMULA 


History 

Subcommittee I of Committee 622, consisting of William R. Waugh, chair- 
man, H. P. Cerutti, David E. Fleming, Donald Peirce, P. R. Stratton, and 
William H. Wolf, was organized to review the test reports and design formulas 
in use, and to formulate a safe design formula for lateral pressure on forms. 
The review covered material published from the early 1900’s to the present. 
One fact is apparent; namely, the lack of agreement. Laboratory investigators, 
mathematicians, form-tie manufacturers, and contractors still disagree on 
variables and conclusions after 50 to 60 years of discussion on this subject. 
_ Fifty-seven percent of the 75 contractors responding to a nation-wide query 

of a selected cross section by Subcommittee II on this subject responded that 


*Title No. 55-10 is a part of co righted JOURNAL OF THE AmErRIcAN CONCRETE INSTITUTE Vv. 30, No. 2, Aug. 
Peeie pusoiigs Ae PERC ate prints are available at 60 cents each. Discussion (copies in triplicate) should reach 
the Institute not later than Nov. 1, 1958. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. 

This report in form and substance as here submitted was approved unanim ously by the committee as listed above. 
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they used a fluid pressure of 150 psf per ft of depth in their form design.* 
This can be either wasteful or hazardous, depending on the rate of placement 
and temperature of concrete. 

The early investigators who pioneered in this work were faced with the 
difficult problem of determining what the significant variables were and then 
evaluating their effect on the lateral pressure of the concrete. From the work 
of each investigator one can get a general idea of the variation in pressure due 
to a change in the quantities with which he dealt, such as rate of placement, 
slump, etc. However, there is little correlation, if any, between the quanti- 
tative results of the different investigators due to the lack of uniformity in the 
method of testing. Where one individual might have determined the form 
pressure using the height of placement and slump as the variables, another 
might have disregarded slump and height of placement but considered rate of 
placement and temperature only. In addition the early results varied widely 
due to a lack of uniformity in batching, mixing, and particularly placing of 
the concrete. 

Some of these differences have passed with the years as control of concrete 
construction has become well defined and accepted. Some of the variables 
have also become minor in nature due to the widespread use of mechanical 
vibration. For instance, whereas slump was considered an important factor 
by early investigators, mechanical vibration of today has minimized its im- 
portance as a variable. The same can be said for aggregate size, water-cement 
ratio, form friction, and cohesion. This is due to the agitation and resulting 
liquefaction of the freshly placed concrete with the modern immersion vibrator, 
operating at speeds of not less than 7000 rpm for vibrating heads less than 4 
in. in diameter and not less than 6000 rpm for vibrating heads 4 in. or more in 
diameter. 


However, vibration, revibration, and external vibration cause new prob- 
lems because of their effect on the fluid concrete, and they unquestionably 
are variables of major importance. It will thus be found that much of the 
confusion between early investigations, foreign practice, and contemporary 
standard practice centers around the interpretation or omission of this factor. 
Moreover, the importance of some variables, such as temperature, has become 
evident as the conditions have become better defined. 


Today there is an encouraging similarity between investigations and the 
methods used by leading form manufacturers in the United States. In fact, 
_ after considering the competitive industry in which the latter operate and the 

variety of their source material and investigations, the committee finally 

decided that a comparison of the manufacturers’ results offered the most 
_ promise of an answer. Happily, the committee found correlation among the 
_ policies and assumptions which it is possible to confirm, and the committee 
recommendations follow along the lines of many of the manufacturers’ basic 
conclusions. 


Sy coker gs II, ACI Committee 622, ‘Form Construction Practices,” ACI Journat, June 1957, Proc. V. 53, 
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Variables 


The following variables have been measured at various times and have been 
found to affect the lateral pressure of concrete after placement in forms: 


Rate of placement 

Consistency of concrete 

Weight of concrete 

Maximum aggregate size 
Temperature of concrete mix 
Ambient temperature 

Smoothness and permeability of forms 
Cross section of forms 

Effect of consolidation by vibration 
10. Placing procedures 

11. Pore water pressure 

12. Type of cement 

13. Depth of placement 


ROE OOK Oe BOT 


Rate of placement, temperature of concrete mix, and effect of consolidation 
by vibration are the major variables in most cases. A discussion of all the 
variables follows. 


1. Rate of placement (in ft per hr)—Rate of placement is assumed to be a 
uniform rate of rise of the concrete in the form. This is recognized by all 
investigators and contractors as having a primary effect on lateral pressures 
regardless of the over-all height of the lift and is directly proportional to the 
pressure. 


2. Consistency of the concrete—An approximate idea of the consistency of 
the concrete can be obtained from the slump test. This consistency can be 
expressed as a function of cohesion and internal friction and varies with time 
as set occurs. The fact that this internal strength is appreciable at time 
of placement is evidenced by the fact that very dry and properly vibrated 
concrete will stand to a vertical height of 3 to 4 ft if the forms are removed 
immediately after vibrating. Vacuum treated concrete will stand in the 
same way to a height of 15 ft, according to Schjédt.1 However, variations in 
consistency are disregarded by most investigators and form-tie manufacturers, 
and the committee feels that they may be disregarded. Although the com- 
mittee recognizes that the use of high slump concrete is fairly common today, 
for good practice the trend is to use slumps of 4 in. or less. In this way the 
variation in consistency is considerably narrowed. Also, since the mix pro- 
portioning will vary only slightly from job to job, assuming small variations 
in the water-cement ratio and ultimate strength requirements, the consistency 
is not an important variable but will be considered a more constant property 
of the mix. 

3. Weight of concrete—While concrete may vary from 80 to 300 lb per cu ft, 
about 95 percent of the formwork involves ordinary concrete weighing 145 

“to 150 lb per cu ft. Minor variations in this weight “are not significant, and 
“the committee has used the more common value of 150 lb per cu ft in this 
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report. It should be clearly understood that the recommended pressures 
should be adjusted to fit the unit weight of the mix in question. 

4. Maximum aggregate size—This influences pressure in only a minor way 
and is subject to too many variations on the same job to warrant inclusion as 
an important variable. 

5. Temperature of concrete mix—This is recognized as an important variable 
by recent investigators. It affects the setting time of the concrete, and lateral 
pressures vary inversely with temperature for a given rate of placement. 
That is, the lower the temperature, the higher the equivalent fluid pressure 
because the concrete takes longer to set. Available data do not permit any 
conclusions on lateral pressures for concrete mix temperatures less than 40 F. 
Most specifications do not permit the temperature of the concrete to go below 
50 F when placed in cold weather.* 

6. Ambient temperatures—Again temperature is recognized as of major 
importance. The ambient temperature is often used for a measure of the con- 
crete temperature unless unusual conditions prevail. For example, when 
cooling water is used to maintain concrete temperature at a minimum, the 
ambient air temperature cannot be used. 


7. Smoothness and permeability of forms—Whereas these were considered 
important variables by earlier investigators, the use of mechanical vibration 
in lieu of spading has relegated them to minor importance. In addition, 
modern form construction and the application of form oil to permit reuse of 
the forms has further minimized their effect. However, if rough forms are 
used for narrow (6-in.) walls and slender columns, these variables may become 
important. The committee recommends the approach given by Schjédt! as 
the most informative. 

8. Cross section of forms—See depth of placement, p. 177. 


9. Effect of consolidation by vibration—The angle of friction for ordinary 
concrete lies between 20 and 30 deg and may go up to 35 deg for dry (low 
slump) concrete. Mechanical vibration can increase this to 50 deg according 
to L’Hermite. This aids consolidation and should cause a decrease of lateral 
pressure from the freshly placed concrete. He further states that fresh con- 
crete, which is being vibrated with a 3000-rpm vibrator, acts as a liquid until 
it is subjected to a pressure of 12 psi (11 ft). - 

However, tests show that while mechanical vibration consolidates the 
concrete, this method of vibration results in lateral pressures that are in- 
creased 10 to 20 percent over simple spading procedures. Revibration of 
previous layers should be minimized in normal forms designed according to 
this recommendation (p. 189) as the resulting increase in lateral pressures from 


the action of the vibrator in the stiffened concrete can cause failure of standard 
forms. 


10. Placing procedures—Ordinarily, concrete placement consists of 18- to 
24-in. layers throughout the entire form consolidated by vibration as noted 


S0aR nae mended Practice for Winter Concreting (ACI 604-56),"” ACI Journat, June 1956, Proc. V. 52, pp. 
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above. The committee realizes that deeper layers are often permitted or 
that two of the shallower layers might be made before the vibration is accom- 
plished. Forms designed in accordance with the formula developed by Com- 
mittee 622 will be adequate for vibration limited to depths not exceeding 
4 ft below the top of the concrete surface. Vibration must be used for the 
purpose of consolidation only, and not for lateral movement of the concrete 
unless additional bracing or extra strong forms are used. It has been re- 
peatedly found that external vibration, if used indiscriminately, can destroy 
the strongest form. Some agencies can prohibit its use except when forms are 
specially designed for such external vibration. Formwork drawings should 
carry a statement explicitly defining this danger. Careless dumping of fresh 
concrete adds a temporary, local, impact pressure up to 50 percent, for which 
the forms need not be designed. The variables noted above all contribute to 
the lateral pressure, but they may be controlled by simple adherence to good 
placing practices. 


11. Pore water pressure—Some investigators (Schjédt and Terzaghi) 
state that the pore water pressure is a definite part of the total pressure 
against the forms. Pore pressure may be computed if the amount of water 
and volume of voids in the mix are known. Then, the loss through forms is 
subtracted. Pore water pressure in fresh concrete was measured in a test 
made by the Norwegian Geotechnical Institute. This is probably the first 
time such a measurement has been carried out. This variable may well 
prove to be a better approach to the more accurate resolution of lateral 
pressures, but the committee is hesitant to recommend it until more basic 
research has been done. 


12. Type of cement—The average portland (Type I) cement has been used 
by most investigators and will form the basis of the committee’s conclusions. 
Slower setting cements, set retarding admixtures, and sand-rich mixtures 
result in higher lateral pressures as the concrete remains fluid for a longer 
time.* This effect can be compensated for by reducing the rate of placement. 


13. Depth of placement—Depth of placement under customary methods of 
placement will be considered in two separate parts: (a) depth of placement 
in column forms, and (b) depth of placement in wall forms. In this dis- 
cussion, a column form will be a form with a maximum horizontal dimension 
of 6 ft or less, and all other forms will be classified as wall forms. 


(a) In many types of construction, column sizes are small and concrete is 
placed throughout the entire height of the form in a short time. The accom- 
panying vibration necessarily extends throughout the full height of the form 
(which should not be allowed to exceed one story height or 18 ft). If greater 
heights are placed, an interval of at least 2 hr should elapse after each 18-ft 


_ lift prior to continuing the placing. The resulting lateral pressures are much 
~ greater than in cases with controlled rates of placement, since high rates of 


-*Bo \f ixt on concrete properties see ‘Properties and Uses of Initially Retarded Concrete,”’ by 
Lewis A Pathill aan. William A. Cordon, ACI Journat, Nov. 1955, Proc. V. 52, pp. 273-286. 


178 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE August 1958 


placement do not permit utilization of the concrete set to reduce pressures. 
These resulting pressures are essentially fluid and are the maximum possible. 
Although some authorities recommend a maximum pressure of 2000 psf when 
concrete is placed (not dumped) and vibrated in columns, the committee 
feels that with the base of the form held securely in position by wedges and 
temporary dowels embedded in the floor below, column forms should be de- 
signed to resist a maximum pressure of 3000 psf at one-third of the form height 
above the floor and varying linearly to zero at top and bottom of form. This 
figure is based on unpublished field tests and observations performed by 
the U. S. Bureau of Reclamation at Hungry Horse power plant in 1952. 


(b) To permit utilization of the concrete set to reduce form pressures, 
the depth of fresh concrete that can be added in the form:at any one time 
must be limited to avoid the condition of fluid pressure discussed in (a). 
Therefore, for any form over 6 ft long and for any column form not designed 
for the pressure given in (a), the depth of placement will be defined as the 
increment of height that the level of fresh concrete is raised during one pass 
in the placing operations. This increment of height shall not be greater than 
the numerical value of the rate of placement or 4 ft, whichever is smaller, to 
insure that the condition of fluid pressure discussed above does not occur. 
In this way, the rate of placement, which is recognized by all investigators 
and contractors as having a direct primary effect on lateral pressures regard- 
less of the total height of the placement, will be considered more important 
than the depth of placement used in pressure computations for uncontrolled 
rate of placement discussed in (a). The maximum form pressure for con- 
trolled rates of placement shall be assumed to be 2000 psf. 


Recommendation 

A number of important factors related to form design must be considered 
in the determination of the variables to be used. To begin with, the de- 
termination of the pressures must be straightforward with a minimum of 
variables and assumptions, so that it can be readily adapted to everyday 
use and can effect safe, economical formwork. Moreover, it must be borne 
in mind that the lateral pressure assumptions have an over-all effect on the 
complete form assembly. This form assembly is subjected to loads and vari- 
ables beyond the actual pressure of the concrete. Some of these are swelling 
of form members, uneven tightening of form rod assemblies, construction 
live loads, and general carelessness in form assembly. All of these tend to 
decrease rather than increase the strength of the formwork. Moreover, 
many forms are temporary structures and are usually designed with less 
safety factor than permanent structures. A marginal form pressure recom- 
mendation can, therefore, result in failures of forms at the low safety factors 
prevailing. 


With the above discussion in mind, and after having reviewed all of the 
variables, Committee 622 found that rate of placement, temperature of con- 
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crete mix, and the effect of vibration are the most important variables to be 
used in form designs and can be combined in a basic formula:* 


9000R , 
p = 150 + Nc (maximum values: 3000 psf for columns and 2000 psf for walls) 


where p = lateral pressure in psf, R = rate of placement in ft per hr, and T 
= temperature of concrete mix in the forms in deg F. The effect of normal 
vibration has been included in the coefficient preceding R/T. Normal vibra- 
tion is considered to be mechanical agitation of the freshly placed concrete 
by internal vibration within about 15 min of time of placement. Further, _ 
the formula is based on the following considerations: (a) revibration of 
previous layers will be minimized, and revibration will be done only when 
concrete in such layers is in a plastic condition; (b) external vibration of 
the forms will not be permitted; (c) the unit weight of concrete is assumed 
to be 150 lb per cu ft and concrete slump is assumed to be 4 in. or less, 

A graphical comparison of the relationship between this proposed formula 
and the pressure data furnished this committee by most of the major form 
manufacturers is given in Fig. 1. Separate charts are shown for the main 
temperature values listed in the manufacturers’ data, and the plotted results 
present an encouraging picture. The proposed formula has the two important 
practical advantages of being easy to apply and easy to remember. 

As mentioned above, the effect of vibration is one of the three important 
factors. Its effect has been included in the coefficient preceding R/T and 
is a constant. While this may seem paradoxical, the effect of vibration will 
not vary if consistent, well consolidated concrete is to be obtained. 

Although the temperature of the mix in the forms is the governing tem- 
perature, the ambient air temperature can be used as a seasonal guide in the 
design of the formwork. If the form designer knows that the concrete will 
be placed during the summer months or in a hot climate, he could probably 
assumeé a mix temperature of about 70 F and in cold climate, a temperature 
of perhaps 50 F. In any event, the formwork drawings should show the 
temperature value and rate of placement used in the design. If the tem- 
perature during placement is markedly less than that assumed in the design, 
such as when the concrete is placed in winter but form design was based upon 
- placement during summer weather, the rate of placement should be adjusted 
downward as necessary to prevent exceeding the maximum pressure used in the 
design. 

Further discussion of the proposed formula is in order. The curve of 
pressure due to the concrete alone undoubtedly commences at the origin, 
goes nearly through the common intersection of the plotted formulas near a 
rate of placement of 4 ft per hr (the point where most of the test data is avail- 
able and agreement should be the closest), and then asymptotically approaches 
a maximum pressure for high rates of placement. Since the pressure value 


-*See “Conclusions,” p. 189, for a modification of the basic formula recommended for rates of placement greater 
than 7 ft per hr in wall forms. 
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Fig. 1 (left and above)—Comparison of proposed formula for lateral concrete pressures 
with pressure data from form manufacturers 


General equation: p = 150 + 70° R 


Curves shown on charts have been plotted to include the effect of normal vibration as 
recommended by the manufacturer: 
Curve 1—Williams Form Engineering Corp. (Impact, normal vibration included) 
Curve 2—Irvington Form & Tank Corp. (Add 15 percent for vibration) 
Curve 3—Symons Clamp and Manufacturing Co. (For reasonable vibration use pressure 
for rate of placement 1 ff above actual) 
Curve 4—Economy Forms Corp. (Steel forms only and design pressure = 1200 psf based — 
on deflection; rate of placement and temperature not mentioned) 
Curve 5—Richmond Screw Anchor Co., Inc. (Effect of vibration within 15 min of place- 
ment included; based on tests and field observations) 
~ Curve 6—Douglas Fir Plywood Association (Vibration included; based on data by 
Universal Form Clamp Co., 1946) 


Curve 7—The Dayton Sure-Grip and Shore Co. (Add 10 percent for vibration; 30-50 
a percent for impact; 10 percent for arching when wall is less than 10 in. thick) 
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used in form design will also include the effects of other construction loads, 
as previously mentioned, it was felt that the proposed formula for pressure 
should not go through the origin but should specify a minimum pressure to 
be used in form design for low rates of placement. The value of 150 psf 
was chosen to take into account the effects of surcharge loads, revibration 
at the top of the form, etc., and does not appear to be unduly conservative. 
The committee has placed an arbitrary limit on the maximum rate of place- 
ment for this type of construction of 10 ft per hr (see discussion of depth of 
placement, p. 177, for pressure to be used with high rate of placement and 
unlimited vibration) because of the uncertainty in the pressure at the higher 
rates of placement. The data available indicate that the departure of pressure 
from the straight line assumption is minor for the range specified, and the 
practical aspects of the straight line formula were allowed to govern. 


PART 2—DISCUSSION OF THEORY AND TEST RESULTS 


The bibliography, p. 190, recommended by Subcommittee I after its re- 
view of the literature, served as the data in the review of lateral pressure 
theory and test measurements. In addition, research on the subject carried 
back to the work of the early investigators (1900-1920). As discussed in 
Part 1, the problem as it confronted them was appreciably different from the 
one of today. Essentially, they were pioneering in the field. But more im- 
portant, they were working with a material whose properties were only gen- 
erally known, not the concrete of today. Therefore, their measurements of 
concrete with 8- and 9-in. slumps and hand spading have little value in the 
determination of lateral pressures for modern-day concrete. Nevertheless, 
a reading of their work gives a better insight to the problem and permits a 
better selection of the important variables. 


First attempts at plotting the results of all the test data which could be 
gathered were discouraging. However, it was found that Rodin’s paper® 
was an exhaustive study of the same data with which the committee was 
working and summarizes the results of practically all known investigators 
prior to 1952. The scatter, resulting from plotting various selected test 
measurements, is shown in his charts on relation between maximum pressure 


~ and rate of placement, head of concrete at maximum pressure, effect of mix 


proportions, effect of slump of concrete, and effect of temperature of con- 
crete. After reviewing and spot-checking Rodin’s paper it was decided 


that it can well be taken as documentary evidence of the great majority of 
data and tests made prior to 1952. This is an important step as it presents 


the varied and scattered data in a convenient working arrangement, and 
Rodin’s efforts should receive proper acknowledgment from the committee. 
The formulas which he evolved from his study of these data are plotted in 
Fig. 2. 


Since 1952, two other theories have been presented. ‘The first is a series 
of tests and the subsequent formula developed by the research division of the 
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-Hydro-Electric Power Commission of Ontario.*!7-"!9 Briefly, they began with 
the theory developed by Hoffman‘ and evaluated the constants by tests 
conducted in the field by their research division. These data are also plotted 
in Fig. 2. The second theory is the subject of a paper by Schjédt? in 1955. 
It is also plotted in Fig. 2. 


The experimental and theoretical curves now consist of three: Rodin, 
which is assumed representative of the majority of the known data prior to 
1952; Hoffman, as modified by the Ontario Hydro-Electric Power Com- 
mission; and Schjédt, as published in 1955. 


The formula for maximum form pressure as derived by Schjédt includes the 
effect of the unit weight and depth of mix above the point in question, effec- 
tive pore pressure, rate of placement, ratio of lateral to vertical pressure, 
angle of internal friction, depth of the vibrated layer, and setting time of 
the concrete. Schjédt also includes the effect of friction on the forms but 
this effect is not being considered here. This equation is given in Fig. 3 
and has been plotted on the chart for 7 = 70F in Fig. 2. The values of 
the constants were given by Schjédt and are based on a test by Roby (see 
below for discussion of Roby’s values). The temperature of 70 F was se- 
lected by deduction from Rodin’s discussion of the same test and is ques- 
tionable. The surprising thing is that Schjédt’s equation for maximum 
pressure is that of a straight line which, when projected, does not go through 
the origin. The basic equation cannot be used for values of R less than about 
1 ft per hr because one of the terms includes the factor 1 /R. Tf, then, the 
equation for maximum form pressure is that of a straight line with an in- 
tercept on the x axis, it appears to be more practical to solve for the slope 
and intercept directly from test data rather than to estimate all the variables 
he considers. 


Hoffman’s equation, with constants as determined by the Hydro-Electric 
Power Commission of Ontario (for one rate of placement only), has an ex- 
ponential form as shown in Fig. 3. The equation of maximum pressure is, 
again, that of a straight line and has been plotted in Fig. 2; in this case, how- 
ever, the line goes through the origin. Since the maximum pressure is the 
one desired, it seems that the slope of such a line could again be obtained 
directly from test data rather than by evaluating the exponential expression. 


Next, consider Rodin’s equation in which Pmaz = 540R”%, considering 
vibration. This equation is that of a curve passing through the origin and 
has been plotted in Fig. 2 for all temperatures. Rodin’s basic equation (given 
in Fig. 3) was developed for T = 70 F and the other curves were obtained 
using Rodin’s curve for the effect of temperature. Rodin’s equation is at- 
tractive in that the pressure asymptotically approaches a limiting value for 
high rates of placement. It is debatable whether this limiting pressure is as 
low as Rodin’s equation indicates, and this point can only be settled after 


— *Thi in 1 t of a simple test method suggested by Subcommittee I of ACI Committee 622. 
Fo gear Se Se ait be ec cse ais, the subcommittee will furnish details of the method to organi- 


zations interested in research on form pressures. 
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Fig. 2 (left and above)—Comparison of recommended equation for lateral concrete 
pressures with theoretical and test data 


General equation: p = 150 + s0008 


Source of data: 


Curve 1—Stanley Rodin, ‘Pressure of Concrete on Formwork’’ (See Reference 5) 


Curve 2—Hydro-Electric Power Commission of Ontario, “Concrete Form Pressure 
Investigation—Progress Report’ (See Reference 18).. Based on theory of 
Rudolf Hoffman with constants determined from field tests where R = 0.88 


ft per hr and T = 55 to 60 F 


Curve 3—R. Schiddt, “Calculation of Pressure of Concrete on Forms” (See Reference 1) 
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further testing. The committee feels that Rodin’s equation for maximum 
pressure is not too reliable for low rates of placement. This is based on the 
assumption that Rodin was looking for a relatively simple formula that 
could be easily applied. Also the coefficient of R*% for nonvibrated concrete 
was determined from the condition that the curve must pass near a point 
plotted from tests of maximum pressure with R = 20 ft per hr. This equa- 
tion is an envelope which includes all of the plotted points in question and 
comes reasonably close in most respects. The committee believes this curve 
is too conservative as it should apply to ultimate strength design of the form- 
work. For low rates of placement the plotted points are for concrete with 
slumps of 7 to 9 in. It is doubtful that the maximum pressure for such con- 
crete increases much under the effect of vibration because of the fluid nature 
of the mix. If such is the case, the equation for pressure with vibration 
would be tangent to the previous curve for low rates of placement rather 
than a constant value times the previous curve as assumed by Rodin. This 
would tend to reduce the pressure at low rates of placement and give a curve 
which lies closer to the recommended equations. 

For higher rates of placement it is also questionable if Rodin has the limiting 
(i.e., maximum) pressure for the various rates of placement. As mentioned 
in Part 1, tests performed by the U. 8. Bureau of Reclamation gave a pressure 
of 3000 psf for a rate of placement of about 25 ft per hr at an estimated tem- 
perature of 60 F. Using Rodin’s curve for the effect of temperature this 
would mean a pressure of 2730 psf at 70 F, and, for p = CR’, the value of 
C would be 935, in lieu of 540. 

Fig. 3 contains a reproduction of Rodin’s Fig. 12° with the chart extended 
to include the value of 2730 psf mentioned above at the maximum rate of 
placement of 24 ft per hr. Additional data and the committee’s recom- 
mended equation of pressure for 70 F (p = 150 + 128R) have been plotted 
on this chart. Since the point labeled ‘‘USBR” (unpublished) is approxi- 
mate only, the exact shape of this curve is not known for the higher rates of 
placement. In the range of the lower rates of placement, the recommended 
equation is in good agreement with the plotted data except for Roby’s values. 
Roby’s value of 540 psf for a rate of placement of 1 ft per hr appears too 
high when compared with the data available to this committee. 


The equation of maximum pressure recommended by Committee 622 as 
plotted in Fig. 3 represents the maximum possible pressure for the various 
rates of placement when vibration is allowed throughout the entire height 
of the form and is the basis for the recommended pressures in column forms as 
given in Part 1. However, for wall forms, the maximum depth of vibration 
has been limited to 4 ft from the top surface of the concrete in the form. It 
seems reasonable to assume that, for high rates of placement, the maximum 
pressure would be less than in the case where vibration is permitted through 
the entire height of plastic concrete. It is felt that the limiting value of 
maximum pressure under controlled vibration lies somewhere between lines 
a-a’ and b-b’ in Fig. 3 for rates of placement greater than 6, or 8, ft per hr, 
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Line c-c’ (p = 800 + 40R) agrees fairly well with the upper portion of Rodin’s 
curve, but it departs from the curve of maximum possible pressure at a rate 
of placement of 7 ft per hr. It is offered for discussion. If future tests prove 
that the departure from the curve of maximum possible pressure does occur 
in this general region, the equation of recommended. pressure plotted in 
Fig. 1 and 8 could then be revised. 


CONCLUSIONS 


The committee feels that the apparent disagreements between the rec- 
ommended equation of maximum pressure and the formulas discussed above 
have, in general, been explained. It is felt that this recommended equation, 
p = 150 + (9000R/T), is sufficiently conservative for all values of R of 10 
ft per hr or less and that it may be used for design. Further testing under 
controlled conditions is needed to more firmly establish the true shape of the 
equation of maximum pressure for both walls and columns at rates of place- 
ment above 6 ft per hr. 

In its most general form the proposed formula might be as follows: 


1 CLR 
ee el ea ) 


where C1 is a function of the unit weight of mix and C2 is some function of the 
consistency of the concrete. It would appear the p should increase with the 
increased plasticity of the mix. Assuming that the proposed formula was 
based on unit weight of mix = 150 lb per cu ft, it would then be as follows: 


(1 + 60R) 


= 150 
3 T 


or for columns: 
9000R 


p = 150 + ae [maximum value 3000 psf (see p. 178)] 
or for walls and similar work: 
(a) with R controlled and less than 7 ft per hr 
= 150 + 2008 
Eee T 
(b) with R greater than 7 {t per hr 


2800R 


p = 750 + [maximum value 2000 psf (see p. 178)| 
portant. data to be collected in future tests in addi- 


- For this reason the im 
the unit weight of mix (lightweight concrete), con- 


190 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE August 1958 


sistency of mix, rate of placement, pore water pressure, and temperature of 
mix, all measured under the controlled conditions of mechanical vibration 
and slump previously discussed in Part 1, p. 178. 
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Fatigue of Concrete—A Review of Research’ 
By GENE M. NORDBYt 


SYNOPSIS 


Investigations of fatigue of concrete are reviewed starting in 1898 with the 
work of Considére and De Joly. More than 100 publications on the subject, 
including those in the foreign literature, were surveyed. The most important 
investigations are summarized and the salient facts which seem to be emerg- 
ing from the research are listed. The work has been divided for discussion 
into six categories: fatigue in compression, fatigue in flexure, fatigue in ten- 
sion, fatigue of bond, fatigue of reinforced concrete, and fatigue of prestressed 


concrete. 


INTRODUCTION 


As the methods of analysis for structures become more exact, the demand 
for more fundamental information on the behavior of concrete under loads 
other than static has become more pressing. Highway engineers, of course, 
have been aware of the need to understand the fatigue of concrete in connection 
with pavements and reinforced concrete bridges. Structural engineers have 
become more aware of the need to understand the action of materials under 
fatigue and impact loadings. There is, however, little data of the necessary 
precision required for improved procedures, but many investigations which 
might best be classed as exploratory have been carried out both in this country 
and abroad. 

ACI Committee 215, Fatigue of Concrete, was organized in 1947 to, along 
with other duties, review available data on the behavior of plain and reinforced 
concrete under repeated loads, determine the gaps in our knowledge, and 
encourage research which will provide the information to fill these gaps. The 
committee has compiled an extensive annotated bibliography which will be 
published in the near future, and the author utilized it in the preparation of 
this paper.{ 

Interest was shown in the fatigue of metals as early as 1829 when Albert? 
subjected mine-hoist chains to repeated proof loadings. He was followed by 
a number of investigators associated with railway companies who were 
motivated by practical problems. Notable among them was Hodgkinson | 
(1849) who was interested in the construction of bridges and Wohler (1852) 
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who tested axles of railway vehicles. Despite the early interest in metal fatigue, 
interest in nonmetallics, particularly concrete, lagged for nearly 40 years 
until Considére? and De Joly* began tests on mortar specimens. Concrete 
fatigue investigations, like those on metals, have also been motivated by 
practical problems, but in studying the fatigue of concrete, engineers have 
been faced by a dilemma. First, they must solve immediate problems which 
involve reinforced concrete structural elements. These elements can fail in a 
number of different ways, i.e., concrete failure in compression zone, diagonal 
tension failure in the shear zone, fracture of reinforcing steel, and bond failure 


between steel and concrete. The interrelation between these actions is complex ~ 


and has defied theoretical explanation even for static loads. Therefore, an 
even more difficult problem is presented in studying the fatigue of these 
elements. A second part of the dilemma is the knowledge that the answer to 
the problem is the study of the fundamental properties of plain concrete in 
fatigue and the associated fatigue of bond specimens. Yet it is difficult to 
obtain financial support for such research because of its fundamental character 
and the length of time between inception of the test and economic returns. 

When a material fails under repeated loads, each smaller than a single static 
load which would cause failure, it is said to have failed in fatigue. Both 
concrete and steel possess the characteristics of progressive fracture but the 
fatigue of steel is well-known when compared with concrete and is not a 
pressing problem except as severe cracks in the concrete affect the fatigue of 
the steel reinforcement. Consequently, this review will be directed toward 
understanding what is known about fundamental properties and how these 
properties bear on the performance of reinforced concrete as indicated by the 
scattered beam tests. 

Fatigue results are usually presented in the form of an S-N curve (stress 
versus log of the number of cycles of load) as illustrated in Fig. 1. If there is a 
break in the curve and it becomes asymptotic to a line parallel to the horizontal 
axis, the bounding stress is called an endurance limit or fatigue limit. Most 
metals have an endurance limit but concrete probably does not. Thus, the 
curve continues to slope downward as shown. The fatigue strength is the 


strength for any predetermined number of cycles of load, usually the end point 
of the curve. 
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PLAIN CONCRETE 
Fatigue in compression 

The fatigue of concrete in compression, especially that of the typical com- 
pression specimen, is of particular importance to the structural engineer. His 
long use of compression tests as a quality control as well as a basis of physical 
properties for theoretical analysis of concrete structures has naturally led to 
fatigue tests of such specimes and attempts at relating the standard compres- 
sion strength to the endurance of the material. Unfortunately these tests have 
been scattered both as to the time and objective of each investigation so that 
there is difficulty in correlating results. The first investigation on compression 
was that of Van Ornum®.!° starting in 1903; similar experiments are still being 
carried on at Carnegie Institute of Technology, Lehigh University, and Purdue 
University. During these years the quality of cements obtainable has made 
possible concrete of much greater strength for a given cement content and | 
thus the relation of older tests to current practice is not clear. The tests were 
also started before there was widespread acceptance of the standard cylinder so 
that both cube strengths and cylinder strengths of various sizes are reported, 
and, as a matter of fact, current use of prism tests and cube tests abroad remain 
to complicate the issue. The reader should keep these facts in mind when 
reading this summary of the research. 

Van Ornum’s tests included compression, beam, and bond fatigue specimens. 
His first research report included 92 neat portland cement cube compression 
specimens and eighteen 7 x 7-in. concrete cubes. The cubes were subjected 
to a repeated load from zero load to an upper limit ranging between 55 and 95 ~ 
percent of the ultimate cube strength at 4 cycles per min. His conclusion was 
stated as follows: ‘“Certain observed peculiarities in tests of concrete led to the 
conclusion that brittle engineering materials (such as stone, brick, mortars, 
concrete, etc.), of which cement mixtures are a ‘fair’ type, possess the property 
of progressive failure or ‘gradual fracture’ which becomes complete under the 
repetitions of load well within the ultimate strength of the material.’’ This 
created wide interest in concrete fatigue, which despite the previous work in 
fatigue of metals in the 70 years preceding this action had apparently not been 
contemplated to any extent for nonmetals in this country. He introduced the 
S-N curve previously discussed, which had previously been used in metallurgy 
research. In Van Ornum’s second report? he described fatigue tests on 179 
prism concrete specimens (5x 5x12in.). In this case he introduced age as 
another variable and tested one series after curing for 1 month and another at 
anage of lyear. The ultimate strength was 1200 psi and 1580 psi, respectively, 
which is low when compared with the concretes now in common use. Never- 
theless, Van Ornum did discover some interesting features of fatigue action 
which several other investigators detailed more exactly in the following years. 
One of the principal features of his research is illustrated in Fig. 2. This 
illustrates that the stress-strain curve varies with the number of load repetitions. ~ 
The convex upward curve gradually straightens under repeated load and finally 
becomes concave upward near failure. The degree of concavity depicts how 
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Stress, in pounds per square inch 


Deflections: each line representing 0.00025 inch, 


Fig. 2—Stress-strain diagrams of concrete compression specimens at various numbers 
of cycles of load (Van Ornum”’) 


near the test was to approaching failure. An S-shaped curve was actually 
obtained in some cases. The total effect was noticed only on those specimens 
stressed above the fatigue limit. A similar reduction in £, was observed for 
those specimens stressed below the fatigue limit but in this instance the decrease 
was stopped after a few repetitions and remained constant as long as the tests 


continued. This modification of E, was of particular interest since it affected: 


the modular ratio of the straight-line theory just becoming popular at the time. 

Scattered throughout a period of 20 years beginning in 1906 are various 
studies of the properties of both concrete specimens and reinforced concrete 
beams under just a few (four or five) repetitions of load to a few hundred. 
Typical of these are some early tests of Graf!* and those of Williams." The 
usual conclusion is that the modulus of elasticity of concrete is increased (or 
decreased) slightly for repeated loading and the stress-strain diagram becomes 
a straight line. The results do not represent true fatigue tests and are not 
further reported in this paper since many times they give an erroneous picture 
of fatigue results. 

About 1910, engineers became more aware of plastic and creep phenomena. 
Berry,” for example, reported the resulting permanent deformations obtained 
in 8x 16-in. cylinders. He found that the permanent set increased with repeated 
load although his tests stopped at 150,000 cycles and were loaded at an in- 
tensity of 0.52f.’. 

One of the most extensive concrete fatigue investigations was carried out 
by Probst and his associates at Karlsruhe, Germany.'® Parts of this investi- 
gation are summarized in English in two sources'®."” but important portions are 
still in German publications and have never been translated. Probst’s tests 
were notable for the precision used in recording the stress-strain diagrams at 
various stages but the number of specimens was not great. 

_ Mehmel!*.!® was one of the first Probst students to work on the fatigue of 
compression cylinders. He tested several cylinders with a range of stress from 
114 psi to 29.5, 37.5, 47 percent, and others up to and including 70 percent f,’. 
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In general, he detailed the action that 
Van Ornum described in regard to the 
change in the shape of the stress-strain 
diagram with number of repetitions. 
Typical results are indicated in Fig. 3. 
Some of the work wasacontinuation of 
Berry’s work on permanent deforma- 
tions. The Probst group, however, 
carefully distinguished between per- 
manent deformation and what was 
called the “remaining” deformation. 
The remaining deformation was what 
remained after removal of the load and 
elastic recovery of the specimen. The 
remaining deformation was not neces- 


sarily permanent since it was dis- 


covered that partial recovery would 
take place during rest periods. 


The ratiod (rem) /d (elast) [remaining 


strain/elastic strain] was carefully 


noted. It was found that elastic 


‘strains and remaining strains increase 


with the number of repetitions as long 
as a certain critical stress (endurance 
limit) is not exceeded and that the 
ratio grows larger with the number of 
cycles. This critical stress (fatigue 
limit) was between 47 and 60 percent 
f.'. The analogy to strain hardening 
in metals was also noted since alter- 
nating loadings below the critical stress 
strengthened the concrete. If the up- 
per limit was beyond the critical stress, 
failure eventually took place by the 
modification of the stress-strain curve 
as shown in Fig. 3. The convexity of 
the curve was a measure of the fatigued 
state, The same action was noted for 
higher ranges of stress (1430 to 1856 
psi). In every case failure seemed to 


be similar to static tests. If stressed 


below the critical, the stress-strain dia- 
gram became linear and progressive 
failure did not take place within the 


_ limits of the tests. 


Fig. 3—Stress-strain diagrams of concrete compression specimens at various numbers of cycles of load (Mehmel and Probst!®.1*) 
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Fig. 4—Effect of age on stress-strain diagrams of concrete compression specimens 
under repetitive load. (a) Age 10 weeks. (b) Age 2 years 7 months (Trieber) 
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Heim,”° another Probst student, continued to test compression prisms 
(6x 6x 15.8 in., age: 66-94 days—younger than Mehmels) which indicated 
greater remaining deformation than elastic deformation after a period of re- 
petitive loading and the remaining deformation did not become constant even 
after 1,000,000 cycles. Trieber?! continued this work by reporting the results 
on cylinders with age of concrete as the variable. One cylinder, for example 
(f.’ =4050 psi, 10 weeks old), subjected to alternating stresses from 62 to 768 
psi had remaining strains equal to the elastic strains after 1,148,000 cycles and 
stability had not yet been reached. One of the cylinders (f.’=4570 psi) was 
2 years 7 months old when tested and there was no change in the elastic de- 
formation after 128,000 cycles nor in the remaining deformation after 168,000 
eycles. This phenomenon is illustrated in the two stress-strain diagrams of 
Fig. 4a and b. Note the great difference in remaining strains as a result of 
aging. By comparison the older concrete had clearer elastic properties and 


_ the remaining strains were much smaller in the older concrete. 


Another investigation at Karlsruhe, reported by Yoshida,” examined the 


~ change in Poisson’s ratio, », with repeated load. He found that if m=1/y, m 
was about 7 to 8 after 140,000 cycles of stress from 286 to 1715 psi. This in- 


creased to 11 to 12 in the stages close to failure. 

In still another investigation under Probst, Ban” investigated more pre- 
cisely the changes in the stress-strain diagram under a repeated load increased 
by stages. Fig. 5 illustrates a typical result where a cylinder was stressed 
from 57 to 426 psi for 440,000 cycles, from 57 to 712 psi for 792,000 total cycles, 
and from 57 to 970 psi to failure at 870,000 cycles. The diagram (Fig. 5) illus- 


trates the hysteresis and change of convex to concave stress-strain diagram. 


Note that the hysteresis becomes larger in final loadings. 

Probably the most penetrating investigation on compression fatigue was 
carried on at Stuttgart Technical High School by Graf and Brenner.?*:?* 
Unlike so much fatigue literature, these tests are explicitly described so that 


they will be of scientific value for years to come. The variables included effect 


of cross section, speed of testing, mix, curing, range of stress, and age. The 


~ tests encompassed about 100 specimens, some of which were tested to 2,000,000 


eycles of load without failure. The concrete strength ranged from 2900 to 


4600 psi. 
One of the unique features of this report was the introduction of the “modified 


~ Goodman diagram” to concrete fatigue (Fig. 6). The diagram had been 


previously used extensively for fatigue of metals. The diagram illustrates the 


effect of range of stress on concrete fatigue by relating the fatigue strength 


to the maximum and minimum stress to which a specimen is subjected. One 
enters the diagram from the left at the minimum stress to an intersection with 


- the 45-deg line, thence vertically to an intersection with the curve and back to 


the ordinate scale which indicates the maximum stress which can be endured. 
Thus, the vertical intercept between the 45-deg line and the upper curve 
specifies the range of stress which can be taken repetitively for a specified 


time. This time is usually taken as infinite for metals but Graf and Brenner 
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Fig. 5—Effect of three stage increase of repetitive load on stress- 
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constructed theirs on the basis of 2,000,000 cycles of load. This technique 
yields valuable design information and more of these curves should be estab- 
lished on 10,000,000 cycles of load repetition and a greater number of specimens. 

Another interesting feature of the tests was the recording of cracks on the 
surface of the specimens during the tests. It was noted that cracks formed on 
the surface after a few hundred repetitions. However, the crack did not always 
result in rapid failure. In one case, for example, a crack formed at 900 cycles 
but the prism had not failed at 2,245,000 cycles. 

As to speed of testing, there did not seem to be any significant difference 


_ between results obtained at 260 and at_450 cycles per min. However, there 


was ordinarily a slight decrease in the endurance for rates as slow as 10 cycles 
per min. This would be in accord with the observations of Probst that the 
remaining stresses were larger for slow cycling. 

A slight decrease in the fatigue strength expressed as a percent of the ultimate 


strength was noted for both increase in the water-cement ratio and cement 
- content. A percentage-wise decrease was also noted for an increase in ultimate 


strength but the absolute magnitude of the fatigue limit increased. 


Fatigue in flexure 
It seems to be the consensus of highway engineers that the failure of concrete 
pavements by cracking is due to the repeated applications of stress. This 
has been the principal motivation for carrying out fatigue tests on both plain 
concrete modulus of rupture specimens and similar specimens with light 
reinforcement similar to that in highway pavements. The results of such tests 
are vitally needed for the optimum design of airport runways and taxiways 
besides road pavements, as well as understanding the formation of tension 
cracks in reinforced concrete beams. 
The first tests for flexure specimens were reported by Féret" in conjunction 
with a broader investigation encompassing plain and reinforced mortar beams, 
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cubes, and cylinders in 1906. Although these experiments contained some 
specimens similar to later investigations, they are only of historic interest. 

Almost simultaneously, two extensive investigations on flexural fatigue 
were carried out by Purdue University (1922-24) and the Illinois Department of 
Highways (1921-23). It had been noted in Illinois highways that failures 
occurred in many cases only after many years service and that the wheel loads 
were less in magnitude than the static ultimate loads of the slab. Thus, the 
Illinois tests reported by Clemmer?7.?8 were aimed at duplication of the actual 
conditions occurring at the vulnerable corner of the pavement slab. Clemmer 
built an ingenious machine which held seven modulus of rupture specimens 
(6 x 6 x 36 in.) cantilevered from a central hub. In between the specimens a 
fill of blocks completed the circular test table. In an effort to duplicate the 
actual conditions exactly, the load was applied through a pair of rubber-tired 
wheels which revolved about the central hub. The axle was revolved at 20 
rpm to give 40 load applications per min. The failure of the fatigued beams was 
compared with static ultimate stresses of companion specimens when computing 
the fatigue effect. 

In the first tests 15 beams (1:2:3.5 concrete) were loaded so that the stress 
was 50 percent of the modulus of rupture (f;). This load was endured for 
1,130,876 cycles without failure. The load was then increased to 61 percent f; 
and seven specimens failed at from 17,000 to 200,000 cycles; the majority at 
under 50,000 cycles. A number of specimens remained intact after a total of 
1,540,000 cycles and the load was increased to 70 percent f. The remainder 
failed at 1100 to 91,000 additional cycles of load. As beams failed, additional 
specimens were installed in the machine; thus, it was possible to compare 
beams with various stress histories. By this process, Clemmer noted that 
beams which had been subjected to previous stress histories could resist a 
greater number of applications of load at an increased stress intensity as long 
as the first stages of loading were below some critical value (fatigue limit). 

The 30 beams of the second and third series failed at less than 5300 cycles 
because of the high stress level (62 and 70 percent of the ultimate flexural 
strength). The fourth series is of particular interest. In this case, the beams 
all endured 2,000,000 cycles at 48 percent f, without failure; this was increased 
in stages until all beams failed at less than 700,000 additional cycles at a stress 
54 percent f;. The maximum cumulative applications were greater than 3,000,000 
cycles. Clemmer found that the endurance limit is between 51-54 percent of 
the static failure stress for concrete in flexure, that the number of cycles to 
produce failures increases with the richness of the mix, and that fatigue re- 


sistance is increased by repeated applications at a stress level below the en- 
durance level. 


The tests of Hatt and Crepps?*-** at Purdue University were also inspired 
by highway slab failures and were concurrent with those of Clemmer. There 
were significant differences however. Hatt felt that the 40 cycles per min of 
load application and the absence of rest periods of the Illinois tests violated 
the service conditions of a pavement, and felt that it was impossible to 
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duplicate the exact road conditions in the laboratory. Thus, he selected a 
simple flexure test for his experiments. He also selected a speed of 10 cycles 
per min for his tests and halted his tests overnight and on weekends to introduce 
rest periods. The specimens were similar (4 x 4 x 30 in.) to those of the Illinois 
tests and were tested as cantilevers in a special machine which loaded the 
specimens by weights alternately lowered on the opposite ends of a cross member 
fastened to the end of the specimen. This produced reversal of stress. Several 
mixes were used: 1:2 mortar; 1:114:3, 1:2:3, and 1:2:4 concretes. The fatigue 
strength of the test members was compared with that of an unfatigued compan- 
ion specimen tested to static failure. About half the specimens contained 0.33 
percent mesh reinforcing placed 3% in. from the tension face to test the effec- 
tiveness of small percentages of steel reinforcement in preventing cracking. 
Strain measurements were taken at the surface of the beams in most cases. 
A typical fatigue specimen showed a progressive deformation in the extreme 
fibers in a fairly uniform manner until about 100,000 cycles of load when several 


~ visible cracks appeared, after which the test continued for 35,000 cycles before 
- failure. Dry mortar beams tested in fatigue at 6 months yielded values of unit 


extension of 0.00015 to 0.00016 while similar concrete beams tested under 


-_ progressive loading showed up to 0.00017 unit deformation at a stress intensity 
~ of 54 to 55 percent f;. The Purdue tests tended to corroborate the Illinois — 


tests; the fatigue strength was nearly the same. Age of specimen was an added 
variable. The tests indicated that an endurance limit of 54 to 55 percent f; 
could be expected for mortar specimens over 6 months old, and 50 to 55 f; for 
specimens 4 months old; but an endurance limit could not be established 
between 40 and 60 percent f; for 28-day specimens. Rest: periods were found 
to have only a temporary effect; however, an accidental shutdown gave a rest 
of 5 weeks to one specimen which permitted almost complete recovery of a 


‘specimen on the verge of failure. 


The raising of the endurance limit by conditioning of the specimen by stress- 
ing below the fatigue limit was also verified. Such conditioning would raise 


the endurance limit by 5 percent f; Tests on a special series of saturated 
“mortar specimens indicated a fatigue limit of 33 percent f; could be expected. 


For the reinforced beams the investigators concluded that small amounts of 


‘reinforcement will increase the extensibility of concrete and that failure will 


not take place when the limit of extensibility is reached as determined by the 
plain concrete beams. Reinforced beams (0.33 percent steel) had 36 percent 


greater extensibility, 30 percent ereater static strength, and could resist three 


times the number of load applications. 
About 1943, Williams** of Stanford performed one of the few sets of tests 
on lightweight aggregates. The tests were motivated by the use of two ag- 


‘gregates—Haydite and Gravelite—in concrete bridge decks. The specimens 


were modulus of rupture specimens similar to those used in the Purdue tests 
although the rate of loading was somewhat faster, 15 cyelés per min. Com- 


plete reversal of loading was used. The fatigue limit for the Haydite after 
1,000,000 cycles of load (30 to 84 days old, f.’ = 4030 psi, f:=440) was approx- 
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imately 50 percent of the ultimate statie strength f; For another mix (28 
to 83 days old, f.’ =3020 psi, f:=390) the fatigue limit of 40 percent f: was 
established. For the other aggregate, Gravelite (f.’=3100, f:=556), a fatigue 
limit of 40 percent at 100,000 cycles was found. It was apparent from the test 
that failure often occurred at a point where a weakened piece of aggregate was 
at the tension surface, which gave the starting point for a crack. Other times 
cracks developed at many irregularities like holes and air pockets which may 
be characteristic of harsh mixes. 

Recently a more comprehensive investigation has been started at the 
University of Illinois under Kesler.** The first phase of the research was 
directed toward finding how speed of testing affected the flexural strength of 
the concrete (1:2.84:4.14, f.’=3600 psi, or 1:1.84:3.25, f.’ = 4600 psi). One 
hundred modulus of rupture specimens (6 x 6 x 64 in.) were tested in flexure 
with third-point loading at 70, 230, and 440 cycles per min. The resulting 
fatigue strengths were compared with the average static strengths determined 
from flexure tests made on the broken parts of the beam after fatigue failure, 
thus eliminating variances from specimen to specimen in this comparison. 
The average fatigue strength at 10,000,000 cycles for all beams tested was 
approximately 64 percent of the static ultimate strength. There was, however, 
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“no evidence that an endurance limit even existed for concrete, as shown in 


Fig. 7 representing data from a typical series of tests. The line continues to 
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Fig. 7—Effect of speed of loading on fatigue strength of flexural specimens (Kesler**) 
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slope downward even at the 10,000,000 cycles limit. Kesler also concluded 
that speed of testing between 70 and 440 cycles per min had negligible effect 
on the fatigue strength of plain concrete with sound aggregate. The tests 
are continuing and other variables will be investigated, some of which are 
reported in this issue of the JouRNAL. 


The results of Kesler are supplemented by Le Camus”® who proposed a 
fatigue limit of 68 percent for 1,000,000 cycles of load. The tests were on six 
inverted T-sections with reinforcement in the compression stem. 


Fatigue in tension 


; Only the early experiments of De Joly* reported in 1898 give any information 
on pure tension fatigue. He reported tests on tension briquets at ages of 2 to 
_ 20 days at frequencies of 26 to 92 cycles per min, and determined a fatigue limit 
e of approximately 50 percent of the static ultimate strength. He also found 
rs increase in frequency of application reduced the repetitions for failure and that 
-_ rest periods appear to permit recovery from fatigue effects. Again these tests 
Z are of only historical interest. Since tension failure is closely related to the 
_ fatigue of plain concrete flexure specimens it may be assumed however that the — 
—_ conclusions of the preceding section apply equally well here. 


___ Fatigue of bond 
‘ The mechanism of bond failure has defied analysis since the early stages of 
development of reinforced concrete. Now prestressed concrete has added 
further complications to the problem. Various types of pull-out specimens 
utilizing concretes of various types and both smooth and deformed bars with a 
multitude of patterns of corrugations have been tested without obtaining a 
real understanding of bond. Asa result, fatigue investigations on this phase of 
concrete properties cannot progress beyond the crude testing state. Never- 


theless, several of the early investigators including Van Ornum,"® Kirsch,*® 
% Withey,*”? and Abrams*® accepted the challenge. Their tests are of little 
z value today but provided the engineers in 1910-20 with test results which gave 
them faith in their materials. The tests ranged from Van Ornum’s impact 
4, tests on bars embedded in prisms to Withey’s repetitive loading of beams 
cut away to completely expose the bars except for portions at the ends. The 
4 tests were repeated for less than 10 eycles to a few thousand repetitions and 
s, resulted in allowable stress limitations. Withey, for example, concluded that 
bond stresses in excess of 50 psi for round rods should not be allowed and that 
rust substantially aided bond (83 percent inerease over clean bars). A cor- 
4 rugated bar was loaded over 100,000 times without failure with a maximum 
ia ‘bond stress of 76 psi. Kirsch, on the other hand, concluded that rust hindered 
4 pond. His tests were limited to 50 cycles after which pull-out tests were made. 
2 More recent tests by Lea,*® Muhlenbruch,*:41 and Le Camus”® are of more 

value. Lea established a fatigue limit for 4-in. round bats in pull-out tests 


g using small prisms so arranged to have the conerete in tension. The bond 
fatigue limit was about 300 psi regardless of whether the bar was subjected to 
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Fig. 8—Effect of repetitive 

load on ultimate bond stress 

as determined from pull-out 
specimens (Muhlenbruch*’) 
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stresses from zero to a maximum tension or completely alternating stresses. 
The static pull-out strength in each case was 610 and 685 psi, respectively. 

Muhlenbruch completed the most extensive investigation to date. He used 
pull-out specimens 5 x 5 in. to 10 in. long (concrete, 1:1.5 :3.0 by volume, 7.5 
gal per sack) with a 5¢-in. deformed bar embedded 3 to 10 in. They were 
tested at various intensities up to 5,000,000 cycles of load and the rate of loading 
was either 26 or 73 cycles per min. The results are summarized in Fig. 8; the 
average bond stress developed was substantially decreased due to the pepeatel 
loads. The reduction was as great as 50 percent when repeated loads of a 
magnitude 50 percent of the static pull-out strength were applied for several 
million repetitions. The performance of deformed bar was superior to that of 
the hot-rolled undeformed bar. For example, the static pull-out strength of a 
hot-rolled bar was reduced 44 percent as compared to 31 percent for a deformed 
bar when both were subject to 3,000,000 repetitions of load in one case. 

The tests of Le Camus®® gave higher values. Based on five push-out tests 
on 30-mm diameter round bars he concluded that the fatigue strength for 
1,000,000 cycles was 69 percent of the ultimate push-out strength. 

It seems that results on bond are divergent among the various investigators. 
Summary of results for plain concrete | 

The following summary should not be considered as final conclusions since 
the data upon which they are based are scant and many of the early results 
are questionable because of the cement improvement of recent years. They do, 
however, represent the salient facts which seem to be emerging as a result of 
the exploratory investigations to date. 

1. The fatigue limit of plain concrete, subjected to repeated compressive loads for 

a range of stress from zero to a maximum compression, is 50-55 percent of the ultimate 

crushing strength. All investigators are in substantial agreement on this. 

2. The fatigue limit of plain concrete subjected to repeated flexural loads is shout 

55 percent of the static ultimate flexural stress although there was a variance from 33 

to 64 percent, depending on other variables, such as age, moisture content, curing, and 

aggregate. 

‘ 3. The fatigue limit for concrete in tension is about 55 percent of the modulus of rup- 

ure. 


4. It is doubtful that concrete possesses an endurance limit at least within 10,000,000 
repetitions of load. 


the performance of two or three beams. 
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5. Under repetitive load the modulus of elasticity changes in various ways depending 
on the intensity of load. The secant modulus decreases with repeated load; the slope 
of the stress-strain curve may decrease in the lower part of the curve and increase 
slightly in the upper portion to become concave upward (as indicated in the illustra- 
tions). 

6. Concrete possesses a property similar to strain hardening in metals. Loading 
repetitively at less than the fatigue strength resulted in raising the fatigue strength 
and/or stiffening of the specimen. : 

7. Age and curing have a decisive effect on the fatigue strength. Inadequately aged 
and cured concrete is less resistant to fatigue than well-aged and cured concrete. 

8. The effect of saturation is unknown; however, one investigator reports a fatigue 
limit as low as 33 percent of the ultimate static strength. 

9. Rate of testing between 70 and 440 cycles per min has little effect on fatigue 
strength. Slow rates (about 10 cycles per min) seem to decrease the fatigue strength. 
The creep phenomenon is so interrelated with long-time fatigue loading that it is diffi- 
cult to separate the effects of the two. 

10. Rest periods seem to increase the endurance of concrete although tests results 
are scant. 

11. Most of the permanent (remaining) deformation takes place in the early stages 
of the test, usually the first few thousand cycles. The “rate of permanent strain in- 
crease’? decreases with the number of cycles of load. The total strain does, however, 
continue to increase slightly. until failure for stresses above the fatigue strength but 
reaches a maximum for stresses below the fatigue strength. For properly cured and aged 
concrete the strain stabilizes at fewer load cycles than for young concrete. 

12. Fatigue strength decreases slightly with leaner mixes and higher water cement 
ratios (data not extensive). : 

13. As the range of stress is decreased the upper limit of the stress (fatigue strength) 
is increased substantially. This phenomenon can be represented by the modified 
Goodman diagram. 

14. As regards bond, little can be said except fatigue failures are possible at loads 
less than 55 percent of the ultimate static pull-out strengths. Results have been 


erratic. 


FATIGUE OF STRUCTURAL COMPONENTS 


Reinforced concrete 

The fatigue investigation of reinforced concrete commenced concurrently 
with the research on properties of plain concrete in fatigue. (A selection of 
cross sections of beams tested by the various investigators is shown in Fig. 9.) 
Much of this early work was directed toward verifying the modular ratio and 
the straight line theory for a few dozen cycles of load. Almost all of the fatigue 
tests have been directed toward beams and research on fatigue loading of 
columns has been limited to a few dozen repetitions of load (Withey,** for 
example). 

Feret® was probably the first to examine reinforced concrete structures. 
He included short columns with spirals only, as well as some small mortar 
beams. The loads ranged from 50 to a maximum of about 5000 cycles. | Other 
tests of Jarvis,‘ Talbot, **.47,48 and Hatt4® involved beams loaded less than 100 


times and are disregarded in this review. 


Since fatigue tests take so much time, often the early reports were limited to 
Berry,*?:° for example, tested three 
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Fig. 9—Cross sections of some of the reinforced concrete beams tested under repetitive 
loading 


_ 
af 
ff 
c.” 
oh 
FS 
eo. 
: é 
Be 
a 
=. 
= 
aa - 


Ais initial report*® appeared. - 


FATIGUE REVIEW oan 


beams, one to a maximum of 1,140,000 cycles (13 cycles per min, cube strength 
2300-2700 psi, corrugated and diamond bars). He paid particular attention 
to the permanent set which accumulated under repeated. load. However, he 
found no significant effect on ultimate strengths and deflections at failure 
although progressive cracking occurred up to 1,000,000 cycles of load. Most 
of the permanent set occurred in the first few thousand repetitions and increased 
with the intensity of load and number of cycles. No fatigue failures occurred 
and beams were tested to failure after the fatigue tests. 

Van Ornum™ was the first to extensively examine reinforced concrete 
beams. He tested 59 beams at an age of 1 month and 23 at an age of 1 year. 
These were compared with a number of unfatigued specimens. Van Ornum 
noted that the beams failed through the development of a tension crack and 
sometimes diagonal tension crack which seemed to appear gradually and increase 
in size during the fatigue test. When penetration of the crack progressed far 
enough the beam failed by steel fatigue. In those beams which failed through 
formation of a diagonal tension crack, it appeared that gradual progressive 
destruction of the bond originating near the center of the beam and moving 
toward the ends caused failure. 

During World War I, the government was engaged in building concrete ships. 
An extensive investigation was carried out at that time on typical structural 
components by the National Bureau of Standards.®*.5! Five beams of various 
cross sections were tested aimed at investigating deterioration by grinding and 
abrasion at cracks. Four of the beams failed by fatigue of the reinforcing steel 
between 59,000 and 710,000 cycles. The range of stress in the reinforcement 
was from zero to a maximum of from 17,400 psi to 22,800 psi in these fatigue 
failures. The fifth beam resisted a maximum stress of 11,000 psi and did not 
fail at 2,000,000 cycles and the test was discontinued. The T-beam failed 
first in the stirrups and finally failed in tension of the longitudinal reinforce- 
ment. 

The effect of corrosive atmospheres on the reinforcement in concrete beams 
has been of concern from the early days since the cracks allow corrosive 
agents to penetrate into the beam. ‘To investigate this phenomenon, Amos*? 
tested a total of nine beams in three different environments: (1) air, (2) air and 
water vapor, and (3) air, water vapor, and flue gas. The beams were loaded 
with two-point loading so that a range of stress from zero to 1000 kg per sq cm 
(14,230 psi) was imposed on the steel. The loading was at 24 cycles per hr or 
20 cycles per min. One of the tests took 334 years to complete and 7,500,000 
cycles were applied. The number of cracks in a beam increased from @pproxl- 
mately 10 to 30 in the first year and virtually no change took place 1n the final 
years. None of the beams was adversely affected by the corrosive atmospheres 


or the load cycling. 


Probst2%-55.57 and his associates (Heim and Treiber) have contributed con- 
siderably to the knowledge of reinforced concrete beam fatigue in addition 
to their work on plain concrete. Probst’s interest dates from 1907 when 
The literature is somewhat confusing, however, 
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since his work has been summarized several times in texts®.!7.°° and appears in 
both German and English" journals, and it is not clear how much new work is 
presented each time. Both T-beams and rectangular beams were tested. The 
reinforcement included a variety of different bent bars and/or stirrups. As 
in his plain concrete experiments he paid particular attention to the remaining 
strains and deflection. He noted that beam cracking was not different from 
that obtained in a static load. Due to crack penetration and plastic de- 
formation in the compression zone the steel tension increased under the same 
repeated load, for example, from 16,360 to 20,770 psi in one beam. The 
width of cracks was less than 0.031 in. after several million cycles of load— 
0.023 in. elastic and 0.0078 in. remaining deformation. It was noted that 
aged beams did not permanently deform as rapidly as young beams did; the 
action was similar to that of plain concrete. He concluded that repeated loads 
below some critical value (fatigue strength) do not affect the ultimate carrying 
capacity of the beam and that cracks breathe (open and close) as long as the 
elastic limit of the steel is not exceeded. 

Graf®® has also recorded remaining and elastic deflections for three large 
slabs which confirm Probst’s observations. In general, they point out the 
importance of creep and shrinkage, and that they are involved inseparably 
with the fatigue phenomenon. 

One of the most extensive tests on reinforced concrete beams was reported ° 
by Saliger®’.*® in Austria. Thirty-two T-beams, 2.7 m long with 0.56 and 1.4 
percent reinforcement, and using four types of steel (ST-37, ST-55, ST-80, and 
Isteg) were tested. The bar sizes ranged from 4 to 1 in. diameter and the cube 
strength of the concrete was 4700 psi average at an age of 400 to 500 days. 
The beams were subjected to 1,000,000 to 3,000,000 cycles of load such that 
the steel stresses were 10 to 30 percent higher than ordinarily allowed in design. 
The reports available are only summaries, however, and do not give the full 
details of the tests. Several observed features are worth noting: (1) cracks 
opened and closed during fatigue loading; (2) the high strength bars performed 
better for the same load; (8) rest periods meant recovery of the remaining 
deflections; (4) beams became stiffer as a result of repetitive load and there 
was elastic recovery at all times; (5) the carrying capacity was not impaired; 
and (6) Isteg steel may allow greater design stresses for the concrete because 
it did not elongate and allow crack penetration as rapidly as other steels. 

Lea®™ in England has reported a series of eight beams reinforced with 
three 14-in. diameter smooth bars. These tests are of interest because enough 
duplicate specimens were tested at various loads to establish a fatigue limit 
for the particular beam, The tests were carried out to a limit of 11,000,000 
cycles for which the fatigue strength was 70 percent of the ultimate load. The 
method of failure for each beam was typical—a crack progressed toward the 
top of the beam resulting in excessive elongation of the steel and crushing of 
the concrete. 

Le Camus’ work was unique in that his beams were designed in such a way 
as to make them critical in the compression zone, in the longitudinal reinforce- 
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ment, in 45-deg stirrups, vertical stirrups, or concrete shear. To do this the 
beams were of the mushroom type (champignon design) so that the beam is 
reduced in width to provide a critical section for each action. A variety of 
flared beams in both rectangular and T-sections were used as indicated in Fig. 9. 
A total of 25 beams were tested in fatigue in addition to static specimens. 
The following fatigue strengths based on 1,000,000 cycles were determined 
(expressed as a percent of ultimate static load in each case): longitudinal 
reinforcement, 54 percent; concrete compression, 60 percent; 45-deg stirrups, 
41 percent; vertical stirrups, 35 percent; and concrete shear, 42 percent. 
Probably the most important feature of the tests was the low fatigue limits 
obtained for the concrete shear and stirrup reinforcement cases. 


The use of reinforced concrete for railroad structures has always been suspect. 
The reason is probably that engineers feel railroad bridges ordinarily receive 
more vibrations and repetition of loads than other types. Valette™ investi- 
gating bridge components for French railways tested three typical members 


~ under two-point loading at 500 cycles per min. Two beams failed by fatigue 


of steel. No wear of concrete nor loosening of the concrete around the cracks 
was evident during the tests. He concluded that mild steel reinforcement 
possesses the safety prescribed for all kinds of rolling or stationary loads. 


Recent work has been done by Orbom* and Hajnal-Kényi™ on high grade 
steel reinforced beams. It appears that such steel may have a decided bene- 
ficial effect because of its higher endurance limit; however the latter tests are 


still in progress. 


In summary it may be said that there is far from a complete picture for 
fatigue of reinforced concrete structures. Reinforced concrete beams may 
fail either in steel or concrete and the concrete failure in turn may be in bond, 
diagonal tension, or flexure. The fundamental actions are not understood as 
yet themselves; however, certain features reappear in many of the investi- 


gations reported. 


1. Most failures of reinforced beams were due to failure of the reinforcing steel. 
The failures seemed to be connected with severe cracking and the possible stress con- 
centration and/or abrasion connected with these cracks. Beams critical in longitudinal 
reinforcement seemed to have an endurance limit of 60-70 percent of static ultimate 
strengths for 1,000,000 cycles. 

2. Oftentimes it was pointed out that the concrete in the compression zone behaves 
in much the same way as axially loaded compression specimens. There is certainly no 
assurance of this, since it is not true for static tests and of course there is a strain gradient 
in the beam which does not exist in compression specimens. No fatigue compression 
failures were noted in any of the beams reported except those of Le Camus. 


3. On occasion, beams failed in diagonal tension fatigue but the real cause of failure 
was obscured by bond and shear combination failures. Tests have been reported in 
which beams have failed in shear in repeated loads as low as 40 percent of the ultimate 


strength. Data is scarce on this phase. 


accumulate residual deflections under extensive fatigue loading much the 


4. Beams 
ecimens but recover somewhat during rest periods. — 
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Fatigue of prestressed concrete 

The use of prestressed concrete in structures of all kinds has become popular 
in recent years. It is natural that engineers would question the use of this 
product when first confronted with the higher concrete stresses and the ex- 
tremely high bond stresses which exist. From a fatigue standpoint the methods 
of failure are essentially the same as for a conventionally reinforced beam, 
ie., (1) fatigue of concrete in the compression zone, or in diagonal tension, 
(2) in the prestressing steel, (3) in bond, and (4) for post-tensioned beams by 
the fatigue failure of anchorages and splices. The fatigue of prestressed con- 
crete differs in one important aspect—in working load range the variations 
in stress are small but vary about some high mean stress in both the constituent 
materials. 

Typically, when first using prestressed concrete, the engineers demanded 
acceptance testing in many cases to assure the buyer that he was obtaining 
a product as good as, or better than, reinforced concrete. Unfortunately, 
both the early static and fatigue tests carried on for these purposes were 
inadequately instrumented, or a proper, suitable criterion for performance 
was not established. Consequently, early conclusions are limited to the 
performance of a particular beam under the testing conditions used. There 
are numerous such tests in the literature, some extensively described, some only 
briefly mentioned. The bibliography lists several of these publications ®-*8- 
but all of them cannot be described because of space limitations. The beam 
cross sections are shown in Fig. 10. A recent summary of fatigue investiga- 
tions through 1955 has been summarized by Rowe.* 

Apparently the first tests on prestressed concrete were carried out by 
Freyssinet® in 1934. He compared the performance of two hollow telegraph 
poles in fatigue—one reinforced concrete and the other prestressed. The 
prestressed pole was in good condition at the end of the test but the con- 
ventional pole had failed. 

Another early use of prestressed concrete in Europe was for railroad sleepers 
(ties). Abeles** examined the performance of ties which had been in service 
over 2 years from which he concluded that there was no substantial difference 
between the new or used ties. The used ties had been loaded an estimated 
4,000,000 times; nevertheless, the bond was unaffected and in static tests 
failure was by yielding or fracture of the steel. Campus,* too, investigated the 
performance of ties of the Hoyer and Atlas types. One of the Hoyer. types 
was intact after 10,000,000 cycles of load but three failed by slip of the wire 
accompanied by shear failure at 5,000,000 to 6,000,000 cycles. Two others 
failed by combined shear and bending at over 9,000,000 cycles. The service 
conditions of ties and also these tests cannot be considered typical of prestressed 
concrete structures, however, because of their shortness and high shears. 

Typical also of early tests, Lebelle”® tested three rectangular beams pre- 
stressed with a number of 0.2-in. diameter wires. Ciment Fondu was used 
in the concrete (cube strength 10,000 psi) for two beams, while portland 
cement was used for the other (cube strength, 4,670 psi). One of the beams 
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of the first category endured 1,400,000 cycles of load ranging between 1.03 
and 1.54 of the live load moment without cracking. It was still in perfect 
condition after 300,000 additional cycles of load between 0.46 and 1.6 live load 
moment. The second beam was unaffected by a half million cycles of loads 
ranging from 0.5 to 2.0 live load moment. The portland cement beam failed 
in shear after 210,000 cycles alternations between 0.75 and 1.25 live load 
moment. No general conclusions can be drawn from the tests. 

In 1951 Abeles”-?2 reported the fatigue tests of three composite partially 
prestressed concrete slabs which were tested in collaboration with Campus at 
Liege. The beams consisted of two inverted T-beams, each prestressed with 
eighteen 0.2-in. diameter wires per beam with an integral slab placed in situ 
(Fig. 10). The beams were 20 ft long. The first slab was given 1,000,000 
cycles so that the lower fiber had a hypothetical range of stress of 550 psi 
tension to 50 psi compression. Cracks opened and closed during the tests 
but no permanent set was noticed. The second slab was given 3,000,000 
repetitions of a progressive load applied in three stages such that the hypo- 
thetical tension for the third million was 950 psi and failed by fracture of a 
_ wire in a gage slot. The third slab also failed by steel fatigue after 2,500,000 
cycles. The lower fiber stress range was minus 100 to plus 650 psi for the 
first million repetitions, and although cracks appeared during the second 
million the same load was continued to failure at 2,500,000 by fatigue of the - 
prestressing steel. Abeles concluded that cracks under service loads were 
undesirable because steel fatigue seemed to be directly related to them but if 
fracture does not occur by fatigue the ultimate carrying capacity is unaffected. 

Although bond failures were rare in all of the fatigue tests reported, two 
investigations of prestressed beams report such failures. Hansen’ tested ten 
beams subjected to fatigue, vibrations, or repeated impact. The beams were 
loaded from zero to approximately 75 percent of the ultimate load. The beams 
were severely cracked during the loading. When clean 0.208-in. diameter 
wires were used, they slipped at 7200 and 654,000 cycles, while similar beams 
with rusted wires endured 170,000 cycles before failure. Four other beams were 
subjected to impact by the drop of a 32-lb weight. The beams with clean wires 
failed in bond after only five drops of 7 in. The typical rusted wires beam 
took over twenty 10-in. drops. It was evident that the bond failure mechanism 
started at the center crack and moved toward the ends. Failure took place | 
when a peak of flexural bond stress reached the prestress transfer region. It 
must be noted that the beams were 72 to 84 in. long and thus were quite short 
which may have had an effect on the bond. No serious loss of stress occurred 
in the beams subjected to vibratory loads at 22 percent ultimate load for 
10,000,000 cycles. 

Tn the United States the use of steel strands ranging from 14 to in. diameter 
has been popular. Ozell and Ardaman7® have reported tests on six beams 
19 ft long loaded with a center loading. One beam was loaded for 1,000,000 
cycles at less than the cracking load without ill effect and even when the load 
was increased to slightly beyond the cracking load the beam withstood 
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2,000,000 additional cycles. Other beams were subjected to repetitive loads . 
ranging from 180 percent to nearly 300 percent of the design loads. In all of 
these cases the beams failed by fatigue of the steel strand. The number of 
eycles at failure ranged from 126,000 to 940,000 depending on the range of 
stress induced in the strand (18,000 to 80,000 psi). The minimum stress was 
142,000 psi. No bond failures occurred other than local failures in the imme- 
diate crack zone. It was concluded that the use of 7/16-in. diameter strands 
seemed feasible and that the flexural fatigue limit of the beams tested was 
about 1.8 times the design load. 

Both lightweight aggregate concrete (Idealite) and conventional concrete 

were used in similar tests of beams using 5/16- and 3¢-in. strands by Nordby 
and Venuti.7?7 The beams were matched in pairs, and one of the pair was 
subjected to a fatigue load ranging from 30 to 70 percent of the ultimate load 
for various numbers of cycles of load. The two beams were then compared by 
static loading to failure. The static strength of the fatigued beams was not 
impaired by one or two million cycles of the design load even when severely 
cracked. In one case a conventional concrete beam endured 10,000,000 cycles 
of the design load (29 percent ultimate) without injury. Three fatigue failures 
were received in the steel strand at 136,000 to 842,000 cycles with a range of 
stress of approximately 24,000 psi (minimum stress 150,000). There was no 
difference in the fatigue performance of either concrete used. No bond failures 
were received due to fatigue; in fact, in beams statically preloaded so that slight 
slip of strand had occurred, additional fatigue cycles did not cause additional 
damage. In general, it seemed that. strand was superior to smooth wire because 
its spiral shape gave high mechanical bond. It was concluded that formation 
of cracks formed stress discontinuities which caused steel fatigue failures if the 
range of stress was great enough. 
- Other tests have been performed on variety of beams at Lehigh University 
by Ekberg, Eney, et a].78.30-83 Most of these beams were full-scale highway or 
railway bridge beams prestressed with steel strand ranging up to 4% in. in 
diameter. In one case a 38-ft highway bridge beam containing forty 5 /16-in. 
strands was subjected to H-20 loading for 1,300,000 cycles and 100,000 rep- 
etitions of 54 percent overload without ill effect. Details of all the Lehigh 
tests have not been published. 

Five investigations performed abroad were concerned with post-tensioned 
concrete beams. The first was by Magnel® who tested two narrow T-beams 
over 35 ft long and 3 ft deep. The beams were humped-back with a rise of 
13 in. and were prestressed with a 24-(0.2-in. diameter) wire grouted straight — 
cable. The second beam was identical except that indented wire was used. 
Several wires failed under a repetitive load gradually increased after each 
million cycles which was terminated at over 6,000,000 cycles. The second © 
beam failed by steel fatigue (nine wires) at 4,800,000 cycles of load similar 
to the first beam. The estimated stress in the wires was 60-65 percent of the 
ultimate stress. The safety factor against dynamic failure was approximately 

2 for both beams while that against dynamic cracking was 1.51 as compared 
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with 2.5 for static loading. He concluded that removal of grips after grouting 
was a sound procedure. Billington*® performed tests on a beam similar to 
Magnel’s except a special bond anchorage was used at each end and the cable 
was not grouted. The dynamic safety factor was slightly less than Magnel’s 
beams (1.4) and failure by steel fatigue occurred sooner at 4,680,000 cycles 
where seven wires fractured. The estimated steel stress was 81 percent of the 
ultimate stress at failure. The dynamic safety factor against failure was possibly 
somewhat greater than Magnel’s beams because of the lack of stress con- 
centrations at cracks (beams were not grouted). The wire spacing grillages 
were badly damaged as a result of the tests. Xercavins** performed tests 
similar to Magnel’s except for the use of a special steel with a higher fatigue 
strength. Steel fatigue was the only cause of failure although the safety 
factors were higher than Magnel’s because of the special wire used. It was 
evident that the various steels should each be evaluated for their potential 
fatigue resistance. Lehigh University® has also reported on a post-tensioned 
member (see Fig. 10). 


Lin®’ has tested the only continuous prestressed beams. The two beams 
were two-span beams of over 50 ft over-all length and post-tensioned with 
thirty-two 0.2-in. wires in a grouted duct of varying depth in the beam. 
Fatigue failures of the wires took place at the grillage separators under repeated 
heavy loads causing an average stress 25 percent higher than the prestress. — 
The beams failed at 3,200,000 and 4,400,000 cycles, respectively. The factors 
of safety against rupture under fatigue were 2.6 and 2.2. 


Summary of prestressed concrete results 
Again, these statements should not be regarded as definite conclusions. 


1. In none of the tests did concrete fail by fatigue. The current working stresses 
seem to give adequate protection in this regard. 


2. Fatigue failure of stressing wires or strands was the cause of all failures reported. 
These failures seemed to be related to the extent and severity of the cracks. 


3. Bond failures were rare and were found only under unusual circumstances, i.e., 
short beams, short shear span. 


4. The ultimate strength of prestressed beams for static loads was unaffected by 
repetitive loading if they did not fail by fatigue. 


5. Safety factors seemed to be approximately 2 against fatigue failure for most 
of the beams tested. 


6. Prestressed beams seemed superior to conventional beams for resisting fatigue 
loading. In fact, in a recent paper, Ekberg and Walther? analytically verified this by 
relating the modified Goodman diagram of both the concrete and prestressing steel to 
the theoretical stresses in both types of beam. 


7. Further research is needed on bond failure and the action around cracks. Little 
progress can be made in this direction until these phenomena are understood for static 
loads. Efforts should be made toward establishing modified Goodman diagrams for 
both high strength concrete and steel as an aid to the analysis of prestressed beams sub- 
jected to fatigue loading. 
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CONCLUSIONS 


Most of the research up to this time has been exploratory and investi- 
gators now know what to look for in their experiments. More research is 
needed in every phase of fatigue of concrete and future investigations should 
be well organized to isolate a particular variable. Research on the funda- 
mental properties of concrete fatigue to describe the mechanism of fatigue 
failures may be particularly fruitful. An understanding of this mechanism 
would make previous tests more valuable as well as improving those made 
in the future. 


More research is needed to investigate the effect of moisture, aggregates, 
aggregate bond, curing, rest periods, microcracks in the paste, different 
environments of corrosive agents, specimen size, range of stress, combined 
loading, freezing and thawing, air entrainment, admixtures, temperature cycles, 
moisture cycles, accumulative fatigue damage, and previous stress histories 
on fatigue of both plain and reinforced concrete. In reinforced concrete 
efforts must be toward understanding the mechanism of bond and the mech- 
anism of failure around tension cracks. A solution to this problem may be 
found in the newer x-ray methods pioneered by Evans.8? Other work must 
relate the results of fundamental properties to reinforced concrete structures. 


The potential economic return for evaluation of these problems is almost 
fantastic. The saving in highway construction alone would be enormous if the 
life of concrete pavements could be prolonged 10 years by an understanding of 
fatigue. But greater funding for fundamental research will be necessary from 
both state and federal governments as well as industry to accomplish the task. 
Industry especially must modify its viewpoint to consider such investigations 
as a long-time investment which will pay dividends in increased use of concrete 


over the years. 
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SYNOPSIS 


From the results of tests of 175 plain concrete beams subjected to repeated 
- flexural loading, it was found that plain concrete exhibits no fatigue limit when 
subjected to loads which produce no reversals of stress. Fatigue strengths at 
ten million repetitions of stress were determined for each of the several ranges 
of stress investigated, and these strengths were found to be dependent on the 
range of stress to which the specimens were subjected. 

The test results are in good agreement with previous investigations insofar 
as valid comparisons may be made. The need for additional research is, 
however, most apparent; the results obtained from this investigation do not 
permit the definition of the fatigue behavior of plain concrete subjected to 
reversals of stress, nor do they permit a valid description of the process by 
which fatigue failures occur. 


INTRODUCTION 


The increased application of concrete as an engineering material demands 
an additional knowledge of its behavior under the several types of loading 
to which it is subjected. Such knowledge is necessary not only to provide 
safe, efficient, and economical designs for the present, but to serve as a rational 
basis for the conception of improved and extended applications for the future. 


The behavior of plain concrete when subjected to repeated or fatigue 
loading can only be approximated. The existence of a fatigue limit has not 
been established, nor have fatigue strengths been defined for any finite life 
of the material. The effects of service-encountered variables which may 


alter the behavior may only be inferred, and the mechanism of failure is not 
clearly defined. 

The controlled laboratory investigation affords an effective tool for the 
determination of this information. 
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Scope 

The discussion of the investigation reported in this paper will be confined 
essentially to the following points: 

1. The establishment of a fatigue limit for repeated loading, or, if no such 
limit exists, the establishment of fatigue strengths for probable finite lives. 

2. The effect of the range of stress on-the behavior of plain concrete beams 
subjected to repeated flexural loading. 


PREVIOUS INVESTIGATIONS 


Although the previous investigations which have been made to determine 
the fatigue behavior of plain concrete are relatively few and limited in extent, 
they do indicate a pattern of behavior to which the results of more recent 
investigations may be compared. 

Repeated load tests made on tension briquets by DeJoly and reviewed by 
Mills and Dawson,! together with repeated load tests on compression speci- 
mens by Van Ornum,?.* indicate the possible existence of a fatigue limit of 
the material. 

Repeated load tests on compression specimens by Probst and Mehmel as 
reported by Moore and Kommers* indicate a fatigue limit for repeated com- 


pressive loading which lies between 47 and 60 percent of the static ultimate ~ 


compressive strength. In addition they indicate a change in the fatigue 
limit with an alteration of the range of stress. 
_ Investigations which indicate the behavior of plain concrete subjected to 
repeated flexural loading have been reported by Clemmer,® Hatt and 
Crepps,*.”:8 Williams,® and Kesler.'° In brief, Clemmer determined a fatigue 
limit for plain concrete subjected to loads which produced stresses ranging 
from zero to maximum in tension. This limit was approximately 55 percent 
of the static ultimate flexural strength. Hatt and Crepps determined the 
same limit for beams in which the loads produced complete reversals of stress. 
In Williams’ tests of lightweight aggregate beams no fatigue limit was 
found, but fatigue strengths at one million repetitions of stress were deter- 
mined both for specimens subjected to stresses ranging from zero to a maxi- 
mum in tension and for those subjected to complete stress reversal. The 


limits were somewhat lower than those found by Clemmer, Hatt, and Crepps. 


Kesler found no fatigue limit but established fatigue strengths at ten 
million repetitions of stress ranging from a small value in tension to some 
maximum value in tension. The fatigue limits determined were approxi- 
mately 62 percent of the static ultimate flexural strength and, with negligible 
differences, were independent of the speed of testing, which ranged from 


70 to 440 cycles per minute. 
_ Although there appear to be certain inconsistencies among the results of 


the several investigations, they do afford a basis for further tests and provide 
a guide for the interpretation of additional data. In order that the information 
may be used effectively it is necessary that the apparent inconsistencies be 
reconciled or that erroneous information be corrected. 


- 
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SPECIMENS AND TEST PROCEDURE 


Type I portland cement was used in all specimens and the aggregates 
were well graded Wabash River sand and gravel which passed the usual 
specification tests. The coarse aggregate had a maximum nominal size of 
1 in., and the fineness modulus of the sand was approximately 3.0. Each 
of the mixes was proportioned by trial batching to yield concrete with an 
ultimate compressive strength of approximately 4500 psi. Mixes of dry 
consistency had average slumps of 1 in.; those of wet consistency had average 
slumps of 6 in. 

One test specimen and four control cylinders or two control beams were 
cast from a single batch and the concrete was compacted with mechanical 
vibrators. Test specimens, cylinders, and control beams remained in the 
forms for 24 hr; they were then moist cured for a period of 6 days and removed 
to storage in normal laboratory atmosphere until tested. 

All test specimens were plain concrete beams 6 x 6 in. in cross section 
and 64 in. long. The companion specimens were either standard 6 x 12-in. 
control cylinders or control beams 6 x 6 x 21 in. 


Loading 
All specimens were simply supported on a 60-in. span and subjected to repeated loads 
of varying range and magnitude applied at the third points. The central third of the test 


- specimen was thus subjected to pure bending, the shearing stresses due to the weight of 


the specimen being negligible. 

The range of the repeated loads was system- 
atically varied throughout the investigation. 
The variation within each series, with one 
exception, was such as to maintain a constant 
ratio R between the minimum and maximum 
applied stresses. 

“Series of tests were made with concrete of 
both wet and dry consistency in which R had 
values of 0.25, 0.50, and 0.75. One series of 
tests was made in which the minimum applied 
load and stress was constant, & then being a 
variable throughout the series. This modifi- 
cation was made because the manner in which 
the loads were applied precluded the reduction 
of the minimum applied load to zero without 
the simultaneous introduction of impact loads. 
An arbitrary minimum load of 100 lb was 
used throughout this series. 


LOADING LEVER 


LOADING PLATE 
ball 


ECCENTRIC 


Equipment 

Three testing machines were used in this 
investigation, one of which is shown schem- 
atically in Fig. 1. The specimens were sup- 
ported and loaded through a system of rollers 
and balls to prevent the accidental introduc- 
tion of torsional forces. The repeated loads 
“were applied by a loading lever through an 


Fig. 1—Schematic diagram of fatigue 
testing machine 


shall 
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adjustable loading bar and loading plate. The lever was actuated by a connecting rod at- 
tached to a motor driven variable eccentric. 

The range of load was determined by the set in the variable eccentric while the intensity 
of the load was controlled by the adjustable loading bar and measured by the loading plate 
which served as a dynamometer. Necessary correction or readjustment of the load during 
the course of the test was accomplished by varying the length of the connecting rod. 

The machines operated continuously, applying between 400 and 440 repetitions of load 
per min. In all tests the machines were stopped automatically whenever a specimen failed. 
The repetitions of load applied to each specimen were recorded by a counter. 


Estimation of ultimate flexural strength 

An accurate estimate of the ultimate flexural strength of the test specimen was a desirable 
prerequisite for the selection of a fatigue load; for interpretation of the test results it was 
essential. The inability to duplicate concrete specimens invalidates the measurement of ( 
fatigue resistance solely in terms of the intensity of the applied stress; a more satisfactory 
measure is made in terms of the static ultimate flexural strength. Once a specimen fails : 
under repeated loading it is obviously impossible to determine the static strength at the . 
point of failure; however, a series of statistical studies by Kesler’ affords a means of approxi- ' 
mating this strength. : 

For specimens cast with control cylinders the initial estimate of the flexural strength was | 
made from the statistical relationship between cylinder strength and beam strength. Although 
statistically sound, when applied to single specimens these estimates were frequently quite 
erroneous and loads unreasonably high or low were then applied in the tests. In an attempt 
to reduce the error, companion flexure specimens were substituted for control cylinders. 
The average flexural strength of the two companion specimens was taken as the estimate’ 
of the flexural strength of the test specimen; this procedure reduced, but did not eliminate, 
the error. 

The statistical study also indicated a one-to-one correlation between the modulus of rupture 
of a specimen tested on a 60-in. span and the same property determined from tests of the 
broken portions of the specimen tested on an 18-in. span when both types of specimens were 
subjected to third-point loading. The “true” flexural strength of the test specimens was 
therefore assumed to be the strength determined from the broken portions of the specimen 
upon completion of the fatigue test. 

For specimens with which no control cylinders were cast, the quality of the concrete was 
determined from compression tests of the modified cubes obtained from the flexural tests 
of the specimens. The correlation with cylinder strength was again based on previously 
mentioned statistical studies. It is considered that the error which may have been introduced 
by the application of statistical correlation was offset by the use of the actual specimen in 
determining the quality of the concrete. 


TEST RESULTS 
Notation 


The following notation is used throughout the presentation and analysis 
of the test results: 


fi = flexural stress at minimum load R = fi/f, =a measure of the range of 
f2 = flexural stress at maximum load loading 
f, = modulus of rupture as determined , 

from static tests of portions of test F = fs/f, = fatigue factor 


* specimen after failur d ted 
loading 2 a seers M = f,/f,=a measure of the minimum 


J.’ = ultimate compressive strength as de- pate 


termined from standard 6 x 12-in. F\) = F at ten million repetitions of stress 
control cylinders = fatigue strength 
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All stresses are computed by the usual flexure formula and so represent the 
theoretical rather than the actual intensities of stress which existed in the 
specimen. 


Results 

Concrete of both dry and wet consistency was used in these tests. When- 
ever possible, specimens which had aged a minimum of 90 days were used 
so that the concrete would not continue to gain strength during the course 
of the test and so influence the results. 


In Fig. 2 to 5 are plotted the data obtained from the four series of tests.* 
These data have been plotted in a manner similar to a conventional S-N 
diagram, the ordinates to the curve being the fatigue factors F’, and the 
abscissas the logarithms of the cycles or repetitions of stress sustained prior 


~~ to failure. 


Nee eh eo 


In none of the test series did the data indicate the existence of an endurance 
limit, although many of the specimens sustained more than ten million 
repetitions of stress without failure. 


It was concluded that a straight line would best represent the curve deter- 
mined by each set of data, and these lines were established by the method 
of least squares. In making the computations the cycles to failure were 
assumed to be the independent variable. The straight lines would, of course, 
have different slopes were the fatigue factors assumed as the independent 
variables; however, since there is a greater probability of error in the fatigue 
factors it was felt that the method employed was the more likely to give a 
proper analysis of the data. The following groups of specimens were excluded 
from the computations: 


_ 1. Specimens which did not fail during the course of the test. No accurate estimate 
could be made of the true position of these specimens on the plot. 


2. Specimens which failed at less than 50 repetitions of stress. It was concluded 
that many of these failures may have been influenced by other variables and were 
not representative fatigue failures. 

3. Specimens which were retested under loads of increased intensity. The degree 
to which the behavior of these specimens was influenced by the previous loading 
history could not be accurately assessed. 


“Notations of these exclusions are made on the figures. 


Test Series | 

The minimum stress f; was constant for all specimens and equal to 70 psi. 
The ratio R ranged between 0.13 and 0.18. 

It will be noted that several of the specimens used in Series I had aged 
only 40 to 64 days, but, with one exception, the tests in which these specimens 
were used were completed in less than a day. The test results could not 


have been influenced by an increase in concrete strength. 


—— 
*Complete tabular data are available from ACI headquarters on request. 
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dry consistency concrete 
wet consistency cancrete 
O+o+ did not fail 

@@ 2nd test - did not fail under initial loading 
G+ 2nd test - did not fail 

@ 2nd test - falled beyond range of graph 

3rd test - did not fail under previous loadings 


1 10 ' | 1 1 I 17 
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to Modulus of Rupture 


Fatigue Factor, F -- Ratio of 
Maximum Nominal Flexural Stress 


Fatigue Lite—Cycles to Failure 
Fig. 2—Behavior of plain concrete under fatigue loading, R = 0.13 to 0.18 


Oe did not fail 

© not included in computations 

@ erroneous initial loading; retested at 
corrected load 


. 
| 
| 
| 
) 
| 
) 


Fatigue Factor, F -- Ratio of 
Moximum Nominal Flexural Stress 
to Modulus of Rupture 


Fotigue Life -- Cycles to Foilure 
Fig. 3—Behavior of plain concrete under fatigue loading, R = 0.25 


Fatigue Factor, F -- Ratio of 
Maximum Nominat Flexural Stress 
to Modulus of Rupture 


Fatigue Life -- Cycles to Failure 
Fig. 4—Behavior of plain concrete under fatigue loading, R = 0.50 
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A fatigue strength, at ten million repetitions of stress, of 61 percent of 
the static ultimate strength is indicated in Fig. 2. 


Test Series Il 
In all tests in this series, R was constant and equal to 0.25. . The range of 


loading was thus decreased somewhat from that in Series I. 


The fatigue strength, at ten million repetitions of stress is 63 percent of 


the static ultimate strength (Fig. 3), only slightly higher than the strength 


determined from the tests of Series I. 


_ Test Series Ill 


In this series of tests, R was held constant and equal to 0.50, a further 
reduction in the range of loading. 
A fatigue strength, at ten million repetitions of stress, of 73 percent of 


the static ultimate strength is indicated in the plot in Fig. 4. This limit is 


significantly greater than either of those which was determined in Series I 
or II. 


Test Series IV 

For all specimens in this series R was held constant at 0.75, the minimum 
range of loading for any of the series of tests. 

It will be observed that the scatter of the data in this series of tests seems 


~ gomewhat more pronounced than that observed in either Series II or III. 


This may be due, in part at least, to the fact that all of the specimens were 
tested at a rather high percentage of their static ultimate strength; no speci- 
men failed at less than 73 percent of the static ultimate strength. The curve, 
however, seems to be a reasonable statistical average. 

Fig. 5 indicates a fatigue strength, again at ten million repetitions of stress, 


} of 85 percent of the static ultimate strength, a significant increase with a 
further reduction in the range of stress. 


@ dry consistency concrete 
@ wet consistency concrete 


O-0-+ did not foil 
DO Notincluded in computations 


to Modulus of Rupture 


Fatigue Factor, F -- Ratio of 
Moximum Nominal Flexural Stress 


Fotigue Life -- Cycles to Foilure 


Fig. 5—Behavior of plain concrete under fatigue loading, R = 0.75 
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Comparison of test results 

The four curves are shown for comparison purposes in Fig. 6. The influence 
of the range of stress, as measured by the ratio R, may be seen; successive 
fatigue strengths, for R equal to 0.75, 0.50, 0.25, and 0.13 to 0.18, are 85, 
73, 63, and 61 percent, respectively, of the static ultimate strength. The 
difference between successive fatigue strengths is constantly diminishing, 
suggesting the possibility of a lower limiting value. 


Although concretes of both wet and dry consistency are consolidated in 
these series, the results are not influenced thereby. Separate computations 
were made for both series and the differences were negligible. 


The value of R is necessarily approximate in Series I. Considering all 
specimens in the series, the average value of M was 0.11, so as F varied from 
0.86 to 0.61, R ranged between the approximate limits of 0.13 to 0.18. 


In Fig. 7 the effect of the range of stress on the fatigue limit is shown by 
the use of a modified Goodman diagram. In this diagram the ordinates to 
the 45-deg line passing through the origin represent the values of M, the ratio 
of the minimum stress to the modulus of rupture. Ordinates to the curve 
at the same abscissas, represent the fatigue strength F1o, taken at ten million 
repetitions of stress, which may be obtained with the corresponding value 
of M. As the minimum stress is made a greater percentage of the ultimate. 
strength, greater fatigue strengths may be obtained for specimens in which 
no reversals of stress occur. 


The data from the tests by Hatt and Crepps afford the only approximation 
of the fatigue strength when concrete is subjected to reversals of stress. 
However, the tests summarized at the beginning of the paper indicate that 
the fatigue limit for concrete subjected to repeated compressive stresses is 
approximately 50 percent of f.’; compressive flexural stresses are but a small 
percentage of this limit when the flexural tensile stresses reach the critical 
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Fig. 6—Effect of the range of whe on the behavior of plain concrete under fatigue 
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values described in this paper. It seems reasonable to assume that tensile 


stresses remain critical as the stresses are reversed and the fatigue strength 
is therefore approximated as remaining constant at 56 percent of the static 
ultimate flexural strength. 

- The tests by Clemmer and Hatt and Crepps are included in Fig. 7 to show 
the correlation among the Illinois and Purdue tests and those reported in 
this paper. Dotted portions of the curve represent regions in which there 
is limited substantiating data. 


ANALYSIS AND CONCLUSIONS 


Fatigue strengths 
Fatigue strengths, at ten million repetitions of stress, have been deter- 


mined as follows: 


Ratio of minimum to Fatigue strength as a 
maximum stress percentage of f, 
0.75 85 
0.50 73 
0.25 63 
0.00 56* 
—1.00 56* 


In none of the series of tests was there evidence of a fatigue limit; it must 
be concluded that no fatigue limit may be assigned for plain concrete of the 
type tested and within the range of the tests reported in this investigation. 


Effect of range of stress 
In the series of tests reported the range of stress was found to have a sig- 


‘nificant. influence on the fatigue strength. This effect is shown in Fig. 6 


and 7. 


————- ; 
*Extrapolated from Fig. 7. 
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From Fig. 7, the following equations, which may be used to approximate 
the fatigue strength, were derived: 
for M and R between 0 and 1, 


Fy = 0.56 + 0.44 M, or 
Fy = 1.3/(2.3 — R) 


for M between —0.56 and 0, and R between —1 and 0 
Fyo = 0.56 


The fatigue limit for reversal of stress is based on the assumption that 
failure in fatigue under reversed loading is controlled by tensile failure in 
the concrete. This assumption gains some measure of support from the 
tests reported by Hatt and Crepps; however, there is a need for additional 
tests in which the range of stress varies from a partial reversal to a complete 
reversal. 


Limitations of the test procedure 

The accuracy with which the fatigue strengths have been established is 
determined by the accuracy with which the ultimate static flexural strength 
of the specimens was approximated. In a few of the static tests there were 
significant differences between the indicated flexural strengths of the two 
broken portions of the test specimen, and the average of these strengths 
may not have been indicative of the true flexural capacity of the unbroken 
specimen. The modulus of rupture, even when determined from static tests 
which were in close agreement, may have been somewhat different from that 
of the original specimen. These limitations must have influenced the amount 
of scatter in the data. 

Despite these limitations, the trend of the data in each of the tests is well 
defined, and it is considered that the curves established from these data 
are representative of the fatigue behavior. 


CONCLUSIONS 


The data obtained from this investigation give support to the following 
conclusions: 

1. Plain concrete, made with sand and gravel aggregates, subjected to 
repeated flexural loading, exhibits no fatigue limit, at least through ten 
million repetitions of stress. 

2. The repeated loads which plain concrete may sustain for a finite number 
of repetitions without failure is a critical percentage of the static ultimate 
flexural strength. Furthermore, this percentage is a function of the range 
of stress to which the concrete is subjected. 


3. The data obtained in this investigation, taken in conjunction with 
that of the Illinois and Purdue tests, tentatively define the behavior of plain 
concrete subjected to loadings which produce reversals of stress. Although 
the agreement among the investigations is generally quite good, it cannot 
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be construed as conclusive. Additional research is therefore needed to define 
the fatigue behavior in the region where the concrete is subjected to reversals 
of stress, both partial and complete. 
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SYNOPSIS 


Fatigue tests were run on concrete beams and the data were analyzed in an 
attempt to determine the relationship for concrete between stress S, number 
of cycles to failure N, and probability of failure P. It was found that this 
relationship can be expressed reasonably well graphically; one of the mathe- 
matical relationships investigated fitted the data at high stress levels fairly well, 
but the fit at the lowest stress level was poor. The extreme value functions 
investigated could not be used to describe the relationship. 


INTRODUCTION 


Fatigue refers to the phenomenon of rupture of a material—when subjected 
to repeated loadings—at a stress substantially less than the ultimate static 
strength. Materials exhibit fatigue failure when stressed by bending, direct 
tension or compression, torsion, or combinations of these. 

A fatigue loading on a specimen, or structural part, may be thought of as a 
load which varies uniformly (as a sine wave) superposed on a static load. 
The number of cycles to failure is a function of both the static load and the 
varying superposed load.' It appears that the most severe fatigue loading is 
one in which the mean static load is zero and the varying load causes alternate 
tension and compression; this is called a completely reversed loading. 


GENERAL INFORMATION 


Fatigue testing and analysis of data 

A fatigue testing program consists of applying repeated loads of different 
magnitudes, or stress levels, to the specimen and observing the number of 
cycles of load application necessary for fracture at each stress level. 

Until recently it has been almost universal practice to show fatigue test 
results by plotting the test data in an S-N coordinate system (S = testing 
stress level, N = number of cycles for failure). The upper curve shown in 
Fig. 1 is typical of fatigue tests of ferrous metals. The ordinate to the hori- 
zontal asymptote of this curve is the stress level at which the specimen will 
withstand an infinite number of cycles and is called the fatigue limit. Fig. 1 


*Presented at the ACI 54th annual convention, Chicago, Ill., Feb. 26, 1958, as a part of the symposium spon- 
sored by ACI Committee 215. Title No. 55-13 is a part of copyrighted JOURNAL OF THE AMERICAN CONCRETE 
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Fig. I1—Typical S-N curves 
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NUMBER OF CYCLES TO FAILURE,N 


also shows a typical S-N curve for nonferrous metals. This curve does not 
become asymptotic to the horizontal, which means that no fatigue limit exists. 
For a material having this type of curve it is customary to specify a fatigue 


strength—the strength of the material for any given life or number of cycles 


(usually a very large number). 


More recently several investigators?*+ have shown that an adequate 
representation of fatigue data must include the probability of failure P as 
well as the stress S and the number of cycles to failure N. The fatigue test 
data shown in Table 1 illustrate this point. As might be expected, the 20 
specimens tested at a given stress level failed at different numbers of cycles. 
If, as is usually true, these data are to be used to predict the future performance 
of this material, the data are analyzed by ranking the specimens in the order of 
the number of cycles to failure and calculating the probability of failure P, 
by dividing the rank of each specimen m by (n + 1), where n equals the total 
number of specimens tested at this stress level. The calculated P-values are 
shown in Table 1. 


In calculating P, the reason for dividing by (n egy: rather than by n, is 
to avoid obtaining a probability of failure of 1.000 for the specimen having the 
greatest N-value. The probability that all future specimens will fail at this 
same number of cycles is not 1.000, however close it may approach that limit. 
The ratio m/(n + 1) appears to give the best estimate of the probability of 
failure; it was proposed by Weibull® and by Gumbel® and has been used by 
Freudenthal? and by Sinclair and Dolan.? 


Concrete fatigue 
Although relatively few investigations have been conducted on the fatigue 
of concrete (see Reference 8 for a review of many of these), it has been shown 


that fatigue of concrete is similar to that of metals. Important conclusions 
of some previous works have indicated that: 


a Met A mee 


_ the batch; the remaining beams were fatigue 
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TABLE 1—FATIGUE LIFE N OF CONCRETE BEAMS LOADED IN REVERSED BENDING 
N, number of cycles to fail 1 * ili i 
Ay Cee y' * me ma pousards, for stress level Probability Be failure 
number Pe 
R = 0.475 R = 0.575 R = 0.675 isa 

1 1 1 0.2t 0.048 
2 1 2 0.2 0.095 
A dl 3 1t 0.143 

5 5 il 0.190 
5 23 7 205 0.238 
6 3537 8 4t 0.286 
7 3848 10 4 0.333 
8 6756 21 6T 0.381 
9 20,000 + 28 6 0.429 
10 520 19 0.476 
11 618 23 0.524 
12 727 31 0.571 
13 1052 58 0.619 
14 3246 287 0.667 
15 4113 306 0.714 
16 ,306 385 0.762 
17 20,000 +- 795 0.810 
18 1964 0.857 
19 3176 0.905 
20 20,000 +- 0.952 

n = 20 


*Stress Level = ae =R 
Srp 


+The mean P-value is used for specimens failing at the same number of cycles. 


1. Concrete has a fatigue limit of about 50 to 55 percent of the ultimate static strength. 

2. The fatigue limit is increased if a repeated stress less than the fatigue limit is applied 
prior to the actual test. 

3. For tests in which there is no stress reversal the deformation of the conerete de- 
creases when the repeated load is stopped. If along enough rest period is allowed, before 
the repeated load is started again, the strain recovery is almost complete. 

4. Richer mixes have higher fatigue limits than leaner ones. 

5. The fatigue limit of concrete increases with the age of the concrete. 


More recently Kesler? has found that a definite fatigue limit for concrete 
probably does not exist. This conclusion is based on a two-dimensional 


(i.e., S-N) concept of fatigue. 


EXPERIMENTAL PROGRAM 


Test specimens 

The test specimens were air-entrained concrete beams which measured 3 x 3 x 14% in. 
Nine beams were cast at a time from a 1 cu ft batch of concrete. 

Natural sand and crushed limestone having a maximum size of 34 in. were used as the fine 
and coarse aggregates, respectively. Mix proportions were 1:2.9:3.1, the water-cement ratio 
was 0.52, and the cement content was 5.6 sacks per cu yd. Type I cement was used and 
Darex AEA was added at the mixer. The concrete was mixed in a Lancaster mixer and placed 
in steel molds in two layers; each layer was vibrated 30 sec. The average air content of all mixes 


was 6.5 percent and the average slump was 4 in. 


Static tests 


Three beams from each batch of nine were tested statically in a universal testing machine 
using the fixture shown in Fig. 2. The modulus of rupture was used to calculate the static 
strength of the beams. The SR-4 strain gages shown were used to measure the strain distribu- 


tion in the beam. The mean strength of these three beams was used as the static strength of 
tested at certain percéntages of the static strength, 


a 


.) 
ee. 
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TABLE 2—MODULI OF RUPTURE 
Modulus of rupture, psi, for concrete of given batch number 
Bates S deere 3 4 5 6 7 8 9 10 
3 387 568 733 553 676 653 837 503 721 “680 
Mean 644 607 761 712 745 755 718 560 619 689 
TABLE 3—ANALYSIS OF VARIANCE TABLE FOR MODULI OF RUPTURE 
OF BEAMS 
Sums of Degrees of Mean F 
squares freedom square ratio 
‘ ~ 14,467 _ 
Between 130,205 9 14,467 “7508 1.90 
Within 144,366 19 7598 F.9(9, 19) = 2.42 
Total 274,571 28 


Srp. The mean modulus of rupture of all the beams tested was 682 psi. (Static strength data 
are given in Table 2.) 


Dynamic tests 


A Sonntag SF-1-U fatigue testing machine was used to apply completely reversed bending 
loads to the specimen at a rate of 1800 cycles per minute. Pure bending was applied to the beam 
with the type of fixture shown in Fig. 2. Beams from each series were tested at stress levels 
varying from 45 to 70 percent of the modulus of rupture. The beams were tested to failure 
or to 20 million cycles, whichever occurred first. 

Table 1 shows the adjusted results of the dynamic tests. The stress levels which were actually 
used in testing a series of beams were 45, 50, 55, 60, 65, and 70 percent of the modulus of rupture, 
one beam being tested at each level. When analyzing the results using these stress levels, ap- 
parent anomalies, in the form of S-N curves which crossed, occurred—indicating that the stress 
levels selected for testing were probably too close together. This difficulty was eliminated by 


combining the original data into three groups and using the mean stress level of each group in 
the analysis of the data. 


ANALYSIS OF DATA 
Static tests analyzed 
An analysis of variance of the moduli of rupture of the beams showed no 
significant difference among the static strengths of the batches at the 95 
percent significance level. An F-value of 1.90 was calculated from the data. 
For the difference to be significant at the 95 percent level, F would have to 


exceed 2.42. (If two quantities are different at the 95 percent level it means 
f that chances are 95 out of 100 that this difference is real and not due to chance 
alone; in the long run there will be a real difference 95 percent of the time.) 


The F-value is a statistic, or number, used to decide whether or not a difference 


ee at a selected significance level. The analysis of variance data are given in 
able 3. 


a SP ANG | 
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_where 4, b, and ¢ are experimental const 
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bansnvere ote cee P 


Fig. 2—Concrete beam with SR-4 gages mounted 


Dynamic tests analyzed 

Family of S-N curves by graphical analysis—In this analysis of the data a 
graphical method similar to that used by Freudenthal? and by Sinclair and 
Dolan’ was used to construct the family of S-N curves. The first step consisted 
of plotting the data of Table | as the probability of failure P against the number 
of cycles to failure N for each stress level R. (R = S/S;p where S is the stress 
used in the test and S,» is the mean static strength of the batches.) This plot 
is shown in the lower left hand part of Fig. 3. From the N-P curves, obtained 
in this manner, a family of S-P curves was drawn, and from this the desired 
family of S-N curves was derived. These families of curves are shown in Fig. 3. 

In order that each of the final S-N curves cover the same range it was 
polate one of the P-N and all of the S-P curves beyond the 


range of actual observed values. All extrapolated curves are shown by a 


dotted line. 

Mathematical analysis of fatigue data—Another way to describe the S-N-P 
relationship would be by means of an equation or mathematical model. One 
might intuitively guess at the form of such an equation and then test its 
applicability by comparing the predicted values of the variables (i.e., values 
calculated from the equation) with the values obtained from the test data. 


A function of the type which might be used to described the S-N-P relation- 
data. An equation of the form, 


Fi-= 100 CEN” eee Zap ee (1) 


ants and R is the stress ratio S/S;»p, 


~ 
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was suggested by the general form of the S-N curve and by relationships used 
by other investigators.?.7.1°.% In this equation Lis the probability of survival 


and is therefore equal to unity minus the probability of failure G.e., 2 =P): 


The equation for L is simpler than one for P; this was the only reason for the 
change of variables from P to L. 

That Eq. (1) is valid at limiting values of N and R may be seen by calculating 
L-values for these limits. For the values of N=1 and N-> = the corresponding 
values of L are L = land L->0. Values of L for R = 0 and k->1 are est 
and L—>0, respectively. [The limit L->0 as R— 1 is not obvious from Eq. 
(1), but can be verified by substitution into the final form of the equation, 
i.e. into Eq. (2).] 

In order to test the validity of the proposed S-N-L relationship further, 
it was necessary to evaluate the experimental constants a, b, and c. Briefly, 
the procedure used was to change Eq. (1) to linear form by taking logarithms 
of the logarithms of both sides of the equation, transposing some terms, using 
least squares to find the constants, and then reversing the procedure just 
described to get the relationship back into the same form as Eq. (1). The 


result is 
L = 100.0957 R*8*(log N)§-"7 


The multiple regression coefficient calculated for the variables of Eq. (2) 
was found to be 60.6 percent. This means that the equation explains 60.6 
percent of the variance in the observed data. Details of the statistical analysis 
are given in the appendix. 

Further investigation of the S-N-P relationship—The applicability of the statis- 
tical theory of extreme values to the analysis of this concrete fatigue data was also 
investigated. Freudenthal and Gumbel!®:!t have proposed two distributions of 
this kind, one called the “linear theory” and the other called the “oeneral 
theory.” They showed that the results of reversed torsional fatigue tests of 
nickel wire agreed well with the linear theory at high stress levels and with 
the general theory at lower stress levels. The data did not include any run 
outs—i.e., specimens which did not fail, but which were not tested beyond a 
large, arbitrary number of cycles. 

In applying these extreme value techniques to analyze the data of Table 1 
it was necessary, because of the run outs, to use only part of the data or to 
attempt to use methods for a truncated distribution.!2 The latter methods 
enable one to take data covering only part of the distribution and extrapolate 
it to find the distribution. 

Using the first method (ie. only N-values for failures) the statistics proposed | 
by Freudenthal and Gumbel?®.11 were calculated and the necessary criteria 
were applied to see if the data fitted either the linear theory* or the general 


~ theory* well enough to be represented by them. In each case there was no 


relationship. Further details of this analysis are given in the appendix. 


Sas =a a, 
* ai h comes from the fact that the plot, on extremal probability paper, of the probability 
of Ahlers as Te ecanthtn of the number of cycles to "failure, log N, is a straight line. The plot of the 
) which becomes asymptotic to a lower limit.of N, below which failure will not 


ae 
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It was not possible to use the method for truncated distributions described 
by Hald'? as this method requires extensive data to predict (extrapolate) the 
frequency distribution accurately. This would have involved a much more 
extensive testing progrem than it has been practicable to carry out. 


CONCLUSIONS 
Regarding the study described, the following conclusions were drawn: 


1. In a range up to 20 million cycles, it appears that S-N curves for concrete 
do not become asymptotic to a particular stress level. The number of cycles 
to failure N continues to increase as the stress level S is decreased.. 

2. At 20 million cycles the probability of failure was slightly less than one- 
half for concrete tested at a stress level of 50 percent of the modulus of rupture. 

3. An adequate representation of concrete fatigue data probably should 
include the probability of failure factor P. 

4. The S-N-P relationship for concrete can be obtained graphically by the 
method used in this study. 

5. Eq. (2), 

L = 10 —0.0957 R*-*(og N)*-17 


explains 60.6 percent of the variance among the variables L, R, and N. 
6. The fatigue characteristics of the concrete tested cannot be represented 
by the extreme value functions proposed by Freudenthal and Gumbel." 
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APPENDIX 


PROCEDURE FOR EVALUATING THE CONSTANTS OF EQ. (1) 


The first step in the procedure used to evaluate the constants in the equation 


Y ae) ace 2 a eRe ee eee eee 


was to change it to linear form by taking logarithms of the logarithms of both sides of the 
equations. It was then written as 


log (— log L) = loga + blog R + cloglogN.............. (3) 


changing variables this gave 
Voge DXi CZe ors Ooi cid Re he tataton oe (4) 
where Y = log (—log L), A= loga, X = log R, and Z = loglog N. As it was desired to predict 


Z from X and Y (i. e., to predict the cycles to failure for a given stress ratio and a certain 
probability of survival) the equation was transposed to read 


Um EOE GESTS AL at PEE ore (5) 


where A’ = —A/c, B’ = —b/c, and C’ = 1/c. 


Eq. (4) expresses the regression of Z on X and Y. Because it is more convenient to work 
with the variables measured from their sample means than with the variables themselves, 
the relationship was rewritten as 


where z = Z — Ze BS Hoe. ,and y = Y — Y.* From these data the following statistics 
were Calculated: 


> 2? = 0.137070 dizy = 0.354093 
dy? = 7.730429 Yye = 2.069986 
2 = 0.768163 dYizz = —0.032064 


By means of the least square normal equations 


b’ oz? +c dizy = > xz 
v! Day +c! Diy? = Liye 


the constants b’ and c’ of Eq. (6) were evaluated. The resulting equation was 


z= —1.0499 2 + 0.3159 y... 2... eee eee ee eee (7) 


_-*Complete tabulation of numerical values of 2, y, and z is available on7request from ACI headquarters. 
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Fig. 4—Comparison of ob- 
served and calculated Z- 
values 
709773403159 
z = 0.8902 + 0.3159 
8 
°o 
S 
N 
° -0.2 -04 -06 -08 -1.0 “12 -14 “16 -18 
Y*LOG(-LOG) L 
or, in the alternate forms 
Z =.0.6379-—1.0499 X + 0.3150 Yu. ... 5.2 sk shee ee (8) 
and 
Lyn SOP BEG BY oe | eae ae (2) 


The latter equations correspond to Eq. (5) and (1) respectively. 


To measure the degree of association among the three variables x, y, and z the multiple 
correlation coefficient was calculated as follows: 


Total S.S. = }o2? = 0.768163 
S.S. due to regression = b’ }ory + ec’ Soyz = 0.282070 
8.8. due to error = 0.486093 


0.282070 - : ‘ 
lun = / 0.768163 0.606, or rz.2y = 60.6 percent, where r,.,, is the multiple correlation 


coefficient of z on xy. 


The goodness of fit of the proposed relationship is illustrated in Fig. 4 which shows both the 
observed data and the plots of Eq. (8) for the three stress levels used. 


INVESTIGATION OF THE EXTREME PROBABILITY FUNCTIONS 


As mentioned previously, the probability functions which Freudenthal and Gumbel!®:!! have 
proposed are referred to as the linear theory and the general theory. “By-eye’’ fits of straight 
and curved lines to the observed data, assumed to correspond roughly to the linear and 
general theories, are shown in Fig. 5 and 6 respectively. The value V, shown in Fig. 5 is called 
the characteristic number of cycles and is the N-value corresponding to a probability of survival 
of 1/e, where e is the base of natural logarithms. 

In order to determine if the linear theory may be used to describe the observed data the 
arithmetic and geometric standard deviations are calculated. Using the arithmetic standard 
deviation the geometric standard deviation is now estimated by the methods described in 
References 10 and 11. If the observed and estimated values agree the theory is acceptable. 
From the statistics given in Table 4 it may be seen that the linear theory did not fit the con- 
crete fatigue data at any of the stress levels. 
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PROBABILITY OF SURVIVAL, L=1!— P 


100 250 1000 3250 
CYCLES TO FAILURE,N,IN THOUSANDS 


Fig. 5—Plot of fatigue data on extremal probability paper 


LINE FIT 


PROBABILITY OF SURVIVAL, L=I1-—P 


1000 10,000 40,000 


1 10 100 
CYCLES TO FAILURE, N, IN THOUSANDS 


Fig. 6—Plot of fatigue data on extremal probability paper 


At the lowest stress level it was possible to find V. only if the curve was extrapolated. This 
however, to reject the theory. For the two higher stress levels the 
coefficient of variation was so large that it was outside of the range of values covered in Refere- 
ences 10 and 11; consequently, no estimated values of the geometric standard deviation are 
given in Table 4. The linear theory was rejected because of the excessively large coefficient of 
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TABLE 4—PARAMETERS FOR EXTREME PROBABILITY FUNCTION, LINEAR THEORY 
Te eee een eS SS 


Testing stress level, R 
Parameters at given stress level 


+0.475 +0.575 +0.675 
Number of specimens, 8 16 19 
Mean lo, 4 os ithm, log N N ines 4.62803 4.85414 4.30948 
€ 
eter ation — ia rs 1.6299 1.70757 1.25110 
Mean, N 1,771,500 1,541,688 372,053 
Standard deviation, Sr 2,445,800 3,503,348 803,801 
Characteristic number, v. 40,000,000 + 3,250,000 250,000 
Coefficient of variation, S,/Vs <0.61 1.08 3.22 
Estimated geometric standard 
deviation, 8 (109 w) 5 <0.37 _ —_ 
Theory acceptable? S (tog ) 2 S (tog N) No No No 


TABLE 5—PARAMETERS FOR EXTREME PROBABILITY FUNCTION, GENERAL THEORY 


Testing stress level, R 


Parameters at given stress level ————— 
+(0).475 +0.575 


Number of specimens, n 8 16 
Mean, NV 1,771,500 1,541,688 
Standard deviation, S, 2,445,800 3,503,348 
Reduced third moment, ¥ bie ~ 1.0119 

Characteristic number, ’. 2,188,511 

Sensitivity limit, N.,. ; — 1,947,354 

Theory acceptable? (N 0) No 


ail 


According to the general theory the curve showing the relationship between Z and N is not 
a straight line, but a curve which becomes asymptotic to a lower limiting value of N referred 
to as the “minimum life,” “threshold value,” or ‘“‘sensitivity limit.’’ This sensitivity limit is 
found by first calculating the reduced third moment, symbolized by -y b;,,, then using the tables 
in Reference 11 to find certain parameters, and finally using the parameters to compute the 
sensitivity limit. 

As shown in Table 5 negative sensitivity limits were found for the concrete fatigue data. 
These values have no physical significance and are sufficient evidence for rejection of the 
general theory. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Nov. 1, 1958, for publication in the March 1959 JourNAL. 
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Fatigue Behavior of Reinforced Concrete Beams" 


By TIEN S$. CHANG? and CLYDE E. KESLERT 


SYNOPSIS 


This study concerns the fatigue behavior of small reinforced concrete beams, 
4x 6 x 64 in., designed to fail in flexure under static load. For this type of 
specimen, the results clearly indicate that the magnitude of repeated load de- 
termines the mode of failure. Briefly, a low magnitude repeated load generally 
will result in a flexural failure, fatigue of the steel, while a high magnitude re- 
peated load will result in a shear failure. 


INTRODUCTION 

Scope 

If the static flexure strength of a concrete beam with a low percentage of 
tensile reinforcement is much lower than the static shear strength of the beam, 
the fatigue strength of the beam will most probably be governed by the fatigue 
life of the tensile reinforcement. The governing mechanism of such a failure 
will be different from the fatigue behavior of beams failing in shear as discussed 
in a previous paper. When the static shear and flexure strength of a concrete 
beam are approximately equal, the mechanism of failure becomes quite com- 
plicated. A beam of this type can fail by fatigue of the reinforcement or in 
shear by either a diagonal cracking failure or shear-compression failure. 


The main objective of this investigation is to study the complicated fatigue 
behavior of a reinforced concrete beam which will fail in flexure at a static 
load only slightly less than that which would produce a shear failure. 


Outline of tests 

A total of 25 beams having a 4 x 6 in. cross section and 1.02 percent of tensile 
reinforcement were tested under repeated loading on a span of 60 in. The 
effective depth was 5.38 in. The specimens were loaded at the third points. 
Three other beams with the same dimensions and steel percentage as the 
fatigue specimens were loaded to failure under static loads applied at the 
third points and on a simple span of 60 in. 

Remaining pieces of beams broken as a result of the fatigue loading, as well | 
as the beams unbroken after approximately ten million cycles of repeated 


*Presented at the ACI 54th annual convention, Chicago, IIl., Feb. 26, 1958, as a part of the symposium spon- 
sored by ACI Committee 215. Title No. 55-14 is a part of copyrighted JOURNAL OF THE AMBRICAN CONCRETE 
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loading, were loaded to failure statically to determine the damage due to re- 
peated loading. 


MATERIALS 


All beams were made with Type I portland cement and Wabash River 
natural aggregates. The fine aggregate had a fineness modulus of approxi- 
mately 3.0 and the coarse aggregate was well graded and had a maximum 
size of about 1 in. Both aggregates passed the usual specification tests. 

The reinforcement consisted of #3 deformed bars of intermediate grade 
billet steel meeting requirements of ASTM A 305. The average yield point 
was about 45,000 psi, the ultimate strength about 70,300 psi, and the modulus 
of elasticity about 27,000,000 psi. 


EQUIPMENT AND TESTING PROCEDURE 


Fatigue tests of beams were made in a specially designed machine which 
applied a sinusoidal loading at the third points of a 60-in. simple span at the 
rate of 440 cycles per minute. The testing machine*® was of the type which 
applies a constant deformation to the specimen. Thus to maintain a constant 
load it was necessary to make frequent checks and adjust the machine as 
needed. An automatic shut-off was used to stop the machine when the speci- _ 
mens failed. The number of cycles to failure was recorded on a revolution 
counter. 

Static tests of beams were made in a universal testing machine in which the 
beams were loaded to failure in from 10 to 60 min. 


RESULTS 
Notation 
a = shear span of a simply supported beam M = critical moment developed in a simply 
measured from center of support to supported beam, in.-lb 
center of loading plate, in. M, = flexure moment a concrete beam can 
a’ = shear span of a simply supported beam carry when the reinforcement is 
measured from center of support to stressed at its yield point, in.-lb 
edge of loading plate, in. M, = flexure moment a concrete beam can 
A, = area of tensile reinforcement, sq in. carry when the reinforcement is 
: : stressed to its ultimate strength, in.-lb 
b = width, in. : : ; 
PAE esis tacit. | M, = maximum shear moment, in.-lb 
; erective ep ) In. : Pp = steel percentage 
ae? ae oe strength of 6x: 12in.. ey. V.. e\maxinum shear, Ib 
pore ey ; V. = static diagonal cracking strength of a 
ty = yield stress of steel, psi simply supported beam with tensile 
fu = ultimate strength of steel, psi reinforcement, lb 


Fatigue tests 


Fourteen of the 25 beams tested under repeated loading failed by fatigue of 
the tensile reinforcement in the maximum moment region. In all cases these 


_ beams developed tensile cracks and in many cases both tensile and diagonal 


cracks developed before final failure occurred, as shown in Fig. la and 1b. 


FATIGUE OF REINFORCED BEAMS Q47 


Four of the beams tested failed by 
diagonal cracking, i.e., by the simulta- 
neous development of a diagonal crack 
and the destruction of the compression 
zone as shown in Fig. Ic. 

Four of the beams tested failed by 
shear-compression, i. e., by first devel- 
oping a major diagonal crack followed 
by destruction of the compression zone 
after many additional cycles of re- 
peated loading. This type of failure is (b) 
shown in Fig. 1d. 

The remaining three beams were 
taken out of the fatigue machine be- 
fore failure. Some tensile and diag- 
onal cracks were observed. 

Data concerning the properties of 
the beams, magnitudes of loading, 
number of cycles to diagonal tension 
cracking, and/or failure are listed in 
Table 1. 


(c) 


Static tests 


Three beams of 4 x 6-in. cross section 
were tested to failure statically under 
third-point loading on a simple span Fig. I—Types of failures 
of 60 in. The beams failed when the 
reinforcement was well into the strain hardening region. No diagonal cracks 
were observed. The moment at which the reinforcement yielded and the 
maximum moment correspond very closely to that given by the following 


formulas: 
= = Asfy 
M, = As fy E \% (; ei Ben Re, Ogre (1) 


My = Ar dfu E -% =) Se eee ere sey (2) 


Supplementary static tests 
The best remaining piece of each of the beams broken by repeated loading 
was tested to failure statically under center-point loading while simply sup- 
ported. The results are given in Table 2. The span in each case may be de- 
¢ermined from the table by noting the value of a, the. distance from the center 
_ of the loading plate to the center of the support. 


(d) 


and 
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‘The three beams which did not fail under fatigue loading were also tested to 
failure under center-point static loading while simply supported. 


ANALYSIS OF TEST RESULTS 
Modes of failure 


Under static loads and for the span-depth ratio used, a/d = 3.72 where 
a = 20 in., in the repeated load tests, the beams had a very low yield moment. 
However, due to the low percentage of tensile reinforcement, the concrete in 
the compression zone was still capable of carrying higher stresses. In fact, 
the beam, under static load, could carry a maximum flexure moment corres- 
ponding to the ultimate strength of the reinforcement before the concrete 
would crush. 

The static diagonal cracking loads of the beams, as predicted by Eq. (3), 
were found to be approximately 10 to 15 percent higher than the maximum 
loads corresponding to the static ultimate flexure moment carrying capacity 
of the beams. Under static loads, therefore, the beams would exhibit a flexure 
failure. 

However, under repeated loading, the matter became quite complicated. 
The beams could fail in the following ways: 


1. Fatigue of reinforcement, no diagonal tension cracking—Seven beams developed 
tensile cracks in the early stages of loading and then failed due to fatigue of reinforcement 
in the maximum flexural moment region. 

To fail in this manner, the beam had to have a relatively high static diagonal cracking 
load as compared to the static maximum flexural carrying capacity. The beam had to be 
loaded to a high enough maximum repeated loading to cause fatigue failure in the rein- 
forcement. However, the maximum repeated load could not be so high as to be able to 
cause diagonal cracking before the reinforcement broke. Beams 6, 7, 13, 14, 15, 18, and 
19 failed in such a fashion. 


2. Fatigue of reinforcement, with diagonal cracking—Seven beams developed tensile 
and diagonal cracks and then failed due to fatigue of reinforcement in the region of 
maximum flexural moment. 

To develop this mode of failure, the beam had to have a maximum diagonal cracking 
load comparable to the maximum flexural load. The maximum repeated load had to be 
high enough to be able to cause diagonal cracking before the reinforcement broke. The 
maximum repeated load had to be lower than the load corresponding to the static shear 
moment of the beam, and also to a certain percentage of the static load so that the 
beam would not fail in shear-compression before the reinforcement failed. Beams 8, 17, 
20, 21, 23, 24, and 25 failed in this way. 


3. Diagonal cracking—Four beams failed simultaneously by diagonal cracking and 
shear-compression after first developing some tensile cracks. 

To develop this mode of failure, the beam had to have a quite high repeated load so that 
the fatigue lives in diagonal cracking and shear-compression were identical. In such 
cases there was not time for a fatigue failure to develop in the reinforcement. Beams 
3, 4, 5, and 9 failed in this manner. ; 

4, Shear-compression—Four beams developed tensile and diagonal cracks, and then 
failed by the destruction of the concentrated compression zone later as a result of the 
diagonal cracking. 

To develop this mode of failure, the beam had to be loaded to a maximum repeated 
load which would cause a diagonal crack before fatigue of the reinforcement and yet 
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Fig. 2—Modified S-N diagram for beams failing in flexure due to repeated loading i 


not be so high as to cause failure at the time the diagonal crack developed. The maxi- . 
mum repeated load also had to be able to cause shear-compression failure before the | 
reinforcement failed in fatigue. Beams 2, 10, 13, and 22 failed in this manner. ; . 


Modified S-N diagram for beams which failed due to fatigue of reinforcement 
In Fig. 2 the maximum percentage of the repeated loading, based on the 

static maximum flexural moment, was plotted semilogarithmically against the 

number of cycles to cause the final fatigue failure of the reinforcement for each 


Cycles to Cracking 


Fig. 3—Comparison of diagonal cracking life with results of previous investigation 
(Reference 1 
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beam which failed due to fatigue of the reinforcement. A 50 percent probability 


Jine was drawn through the plotted points. The fatigue factor was found to be 


approximately 0.43. The fatigue factor as used in this paper is the ratio to 
static strength of the maximum repeated load the specimen could sustain to 
ten million cycles without failure. The load may be expressed as the total load, 
shear, or moment on the specimen or portion of it under consideration. The 
fact that the damage tests (Table 2) and actual static tests showed the actual 
maximum flexural moments to be generally 5 percent lower than the flexural 
moments based on the assumption that the stresses in the reinforcement were 
at their maximum values, suggested that perhaps the stresses in the reinforce- 
ment were slightly less than the maximum at failure when tested statically. 
In such a case, the 50 percent probability line probably should be raised by 3 to 
5 percent as indicated by the dotted line shown in Fig. 2. The fatigue factor 
thus found was approximately 0.48. 


Modified S-N diagram for diagonal cracking 

The percentage of the maximum static diagonal cracking load at which the 
specimens were loaded in fatigue was plotted semilogarithmically against the 
diagonal cracking life of each beam which developed such a crack. The static 
diagonal cracking load was computed from the following expression: 


Ve qi-42 13.4 
== = 1.90 fo (1 + 0.00562p":8) (: + 0.685 oa (: + =) Jee (3) 


q'-42 


This expression and the one given below for failure in shear-compression were 
developed by dimensional analysis and are explained in Reference 1 together 
with convenient nomographs for their solution. 


The 50 percent probability curve for cracking previously obtained by the 
authors from tests on beams failing in shear’ was also drawn on the same graph. 
A good fit was found for the two sets of data as shown in Fig. 3. This means 
that the modified S-N diagram for cracking developed previously is also valid 
for the beams tested in this investigation. 

The grouping of the data in Fig. 3 is not accidental. For the beams tested, 
diagonal cracking can only occur if the load is high enough, V/V. = 60 percent, 
to cause the crack to form before the steel failed. When the repeated load was 
lower, the diagonal crack would not form and although the beam might fail in 
flexure it would not be plotted on Fig. 3. 


Modified S-N diagram for beams failing in shear 
The percentage of the maximum static shear moment at which the specimens 


~ were loaded in fatigue was plotted against the logarithm of the life to failure in 


Fig. 4. The maximum static shear moment was computed as follows: 


M, 


= 21.3 fe (1 + 0.188p'-) (1 + PT Ge a (4) 
bd? Baste 3-26 
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Fig. 4—Comparison of fatigue life of beams failing in shear with results from previous 
investigation (Reference 1) 


The fatigue data for beams failing in shear in this investigation was also com- 
pared with the modified S-N diagram obtained for the beams from the previous 
investigation.’ Again a good fit was observed for both sets of data, as shown in 
Fig. 4. The data are again grouped for the same reason as above since a shear 
failure cannot occur unless a diagonal crack has formed. 


TABLE 2—STATIC DAMAGE TESTS 
b = 4in., d = 5.38 in., p = 1.02 percent 


Specimen é pea AR Ma( teat) 2 Vel teat) Mode of failure 

No. i in. 1 . in. M(eate) lb Velcate) 

1 Flexure 

2 Flexure 

3 Flexure 

4t Shear-compression 

5 Flexure 

6 — Diagonal cracking 

7 0.9: Shear-compression 

8 oo Flexure 

9 Flexure 
10t 1.05 Shear-compression 
11 — Flexure 

12t 1.07 Shear-compression 
13 1.06 Shear-compression 
14 0.89 Shear-compression 
15 1.00 Shear-compression 
16 1,06 Shear-compression 
17 0.96 Shear-compression 
18t 1.13 Shear-compression 
19 1.02 Shear-compression 
20t 0.99 Shear-compression 
a t 1.02 Shear-compression 
oe 0.91 Dingonn cracking 
25 0.93 contin 


Shear-compression 


*a is measured from the center of the loading plate to the center of the nearest support. The width of the 


loading plate is 2-in, 


{These beams had developed diagonal cracks under fatigue loading. 
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Damage tests (Table 2) 

The results of the static tests on the remaining pieces of beams that failed 
in fatigue or on beams that did not fail in fatigue showed that no serious damage 
was done to any beam by fatigue except near the locations where cracks and 
failures occurred. 

For small span-depth ratios the beams failed in diagonal cracking or shear- 
compression. For larger span-depth ratios, a’/d larger than 3.5, where a’ is the 
distance from the center of the support to the edge of the loading plate, the 
beams failed in flexure provided they had not developed diagonal cracks under 
repeated loading. For beams with previously developed diagonal cracks, the 
mode of failure was always in shear-compression. 


SUMMARY AND CONCLUSIONS 


The fatigue behavior of concrete beams with 1.02 percent steel, was inves-_ 
tigated. Due to the choice of steel percentage, span-depth ratio, concrete 
strength, and magnitude of repeated load, four modes of failure were obtained: 
(1) fatigue of reinforcement without diagonal cracking; (2) fatigue of reinforce- 
ment with diagonal cracking; (3) diagonal cracking; and (4) shear compression. 

From the results and analysis of this investigation, the following conclusions 
may be drawn with regard to the particular beams tested. 


1. For beams of high static diagonal cracking load as compared to the 
static maximum flexural carrying capacity, the beams will generally fail 
due to fatigue of the reinforcement, provided the percentage of maximum 
repeated load will not cause diagonal cracking during loading, i.e., V/V 
will be approximately equal to or less than 0.60. 


2. The beams may still fail in flexure (fatigue of the reinforcement) 
after developing diagonal cracks, provided the percentage of maximum re- 
peated load does not cause shear-compression failure before the reinforce- 
ment breaks. In this case M/M, must be approximately equal to or less 
than 0.70. 

3. The beams will fail in shear-compression, if the loading first caused 
a major diagonal crack and if the fatigue life for shear-compression under 
this particular percentage of repeated load is smaller than the fatigue life 
of the reinforcement, ie., M /M, will probably be equal to or greater 
than 0.70. 

4. The beams will fail in diagonal cracking, if the percentage of re- 
peated loading will cause simultaneous diagonal cracking and shear- 
compression failure before the reinforcement breaks. In this case V/V. 
will be equal to or greater than 0.60 and M/M, must be equal to or greater 
than 0.80. 

5. The cracking lives of the beams tested for this investigation can be 
predicted from the modified S-N diagram for cracking developed pre- 
viously by the authors for beams weak in shear. 


254 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE August 1958 


6. The failure lives of beams in shear for this investigation can be pre- 
dicted from the modified S-N diagram for shear failure developed pre- 
viously by the authors for beams weak in shear. 


7. Due to fatigue loading, the beams will normally be seriously dam- 
aged only at the points where cracks and failures occur and not in the 
remaining pieces of the beams. 


The results of this study clearly indicated that much additional information 
is needed to determine their general applicability. Dividing points given for 
the various modes of failures for the particular beams studied may vary when 
any of the parameters are changed beyond those changes considered. However, 
the development of a general criterion of failure appears feasible. Additional 
data can be most economically obtained by a combination of analytical and 
experimental methods. 
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Fatigue Properties of Concrete Beams 


By THOMAS E. STELSONt and JOHN N. CERNICAT 


SYNOPSIS 


Eleven concrete beams with regular tensile reinforcement were tested under 
repeated load applied 320 times per min. The beams were identical except for 
a slight increase in concrete strength during the period of testing. The ACI 
elastic-design load for the test beams was 2610 Ib. The ultimate load was 8800 
lb. The load causing fatigue failure in 500,000 cycles was 5720 lb. Thus, the 
ultimate load was 3.37 times the design load and the fatigue load was 2.18 times 
the design load. 


INTRODUCTION 


A few investigations have been made of the behavior of reinforced concrete 
beams subjected to repeated load. For a summary of the previous study of 
fatigue properties of reinforced concrete beams, see ‘Fatigue of Concrete— 
A Review of Research,” by Gene M. Nordby, appearing on p. 191 of this 
JOURNAL issue. 

The purpose of the present study was to develop a better understanding of 
the behavior of reinforced concrete beams subjected to repeated loads and to 
show how these results compare with previous tests of cylinders under repeated 
loads. 

More information on the fatigue properties of concrete is available from 
cylinder tests than from beam tests. A maximum design stress of 45 percent 
of the short-time ultimate strength may be appropriate for safety from fatigue 
failure in concrete members under axial load and uniform axial stress. The 
minimum safety factor from repeated overstress would be about 55/45 = 1.22, 
for a minimum stress of zero. With a minimum stress greater than zero, the 
safety factor would be increased. 

Applying information from cylinder tests to the design of beams, however, 
may be misleading. When a stress variation exists over the cross section as in 

a beam, the fatigue properties of the member may be far different from the 
fatigue properties of the extreme fiber. Relationships between cylinder 
strength and beam strength under short-time static load are complex. Under 
repeated load such relationships are even more difficult to evaluate. 


InstiruTE, V. 30, No. 2, Aug. 1958, Proceedings V. 55. Separate prints are available at 50 cents each. Discussion 
(copies in triplicate) enaa reach the Institute not later than Noy. 1, 
tation, Detroit 19, Mich. ; ; : ae : P 
: eNieber ioaerivart Concrete Institute, Associate Professor and Acting Head, Department of Civil Engineering, 
Carnegie Institute of Technology, Pittsburgh, Pa. 
{Assistant Professor, Department of Civil Engineering, 
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TESTING PROGRAM 
Specimens 
The beam specimens used for this study were of rectangular cross section, 5.0 in. wide, 5.5 in. 
deep and 7 ft long, reinforced with two #5 high bond, hard grade rods whose centroids were 
4.25 in. from the compression face. The bars were placed 2.5 in. apart, center to center. 


One batch of commercially supplied truck mixed concrete was used. It had a cement:fine 
aggregate :coarse aggregate ratio by weight of 1:2:3.5 with a maximum aggregate size of 0.5 in. 
and a slump of 3.5in. The 28-day cylinder strength was 3800 psi when the test program began. 
At the end of the test program the cylinder strength had increased to 3900 psi. 


The beams were intentionally overreinforced to insure failure of the concrete rather than the 
steel. The yield point of the steel was 70,000 psi (0.2 percent permanent deformation) and its 
ultimate strength was 128,000 psi. 

The ACI elastic-design load* for these specimens is 2610 lb (total on two third points of 
72-in. total span). The design load is controlled by the maximum compressive stress 0.45 X 
3800 = 1710 psi. At the design load the ACI shearing stress* is 73 psi and the allowable 
shearing stress is 90 psi. The computed steel stress is 14,400 psi. 


To determine the ultimate strength of the beams, several beams were tested under static 
load applied at the third points of a 72-in. span. The ultimate load was measured to be 8800 Ib 


total on the two third points. 
Apparatus 


Photographs of the apparatus are shown in Fig. 1 and 2. A frame of I-beams welded together 
supports the test beams, a loading shaft, a belt-driven pulley system, and an electric motor. 


——Se 


Fig. 1—Side view of the apparatus showing typical beam failure in testing position 


The frame is of rectangular shape 5 ft high, 8 ft long, and 3 ft wide. The loading shaft has two 
5 in. long sections, 1 in. eccentric and out of phase with each other by 180 deg as shown in Fig. 2. 

Fig. 3 is a schematic diagram showing the loading and operating arrangement. As the shaft 
turns, the eccentric portion of the shaft lifts one end of the beam applying the load. The other 
end rests on a fixed support. Two calibrated yokes (one on each side of the concrete beam) 
pull down on an I-beam which transmits load to the concrete beam at the third points. The 


*Based on “Building Code Requirements for Reinforced Concrete (ACI 318-56).”” 
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yokes have reduced sections where SR-4 elec- 
tric resistance strain gages (on opposite sides) 
are installed. The bars were calibrated, ob- 
taining a relationship between load and the 
strain in the gages. 

A plate supports the load end of the concrete 
beam. It serves as a guide for the vertical 
movement of the beam and also is adjustable 
for applying the desired minimum load. 

The eccentric portions of the load shaft con- 
sist of oil bearings covered by a 1% in. thick 
steel bushing. In applying load the horizontal 
thrust between the bushing and the concrete 

- beam is very small. 


_ Testing procedure 

The beams were simply supported over a 
6-ft span. One end rested on a fixed support 
and the other was movable and adjustable. 

1. The eccentric portion of the load shaft was turned so that the point of maximum throw 
would contact the beam. Then the yokes were tightened to the desired maximum load. 

2. The shaft was then turned 180 deg and the plate supporting the movable end tightened 

- and adjusted until the minimum load (as read in the yokes) was obtained. In this manner 
-_-any desired range of load could be obtained. 

3. A retightening of the yokes was made as plastic deflection occurred in the beam from 
repeated load. The testing machine was of the constant deflection type, but by periodic ad- 
justment of the maximum and minimum load, the operation was essentially under constant 
load until rapid degeneration of the beam at failure. 

To insure uniform distribution of load, plaster of paris was used at the points of load and sup- 
port. 


Fig. 2—End view of the apparatus show- 
ing load shaft and minimum load control 


MODE OF FAILURE 


‘All beams under both static and repeated load failed by cracking diagonally 
along a line extending through the outer third of the beam from the load point 
to reaction point. The failure crack would extend from the load point down to 
the reinforcing bars and then follow the bars out to the end of the beam. A 
typical failure crack is shown at the left end of the beam in Fig. 1. 


@ 
Siege 24" = 72". 


Fig. 3—Schematic diagram of apparatus: (1) concrete beam specimen; (2) fixed 
| support; (3) load beam; (4) adjustable yoke to establish maximum load during cycle; 
(5) adjustable yoke to establish minimum load when eccentric is not in contact; (6) ec- 
centric lifts end of beam changing load from minimum to maximum and back to minimum 
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The failures were usually sudden, sometimes almost explosive, under both 
static and repeated load. In one instance, the upper corner of the beam above 
the failure crack landed 3 ft from the base of the testing machine. 


The beams were thoroughly examined for cracks about every half hour or 
10,000 cycles when the machine was stopped, measurements were taken, and 
the load corrected. Frequent casual examinations for cracks were made often 
during the half-hour intervals, particulalry during the early cycles. If any 
cracks were found, the machine was stopped, measurements were taken, the 
loads were corrected, and the test was resumed. 


With one exception, the beams could withstand only a few, if any, cycles 
after cracking. Upon cracking, the load would often be greatly relaxed. At- 
tempts to increase load to the test value would then cause static failure of the 
beam. 


SUMMARY AND CONCLUSIONS 


The test results are shown in Table 1. Beams 9, 10, and 11 were subjected 
to increasingly larger maximum loads. For these beams the cycles of load refer 
to additional cycles after the load range was increased. 


The ACI elastic-design load for these beams is 2610 lb (total on the two 
third points). The ultimate short-time static load is 8800 lb or 3.37 times the" 
design load. 

When the peak in the load cycle was equal to or more than 65 percent of the 
ultimate load, the beams always failed in fatigue. When the peak in the load 
cycle was equal to or less than 60 percent of the ultimate load, the beams did 
not fail in fatigue when subjected to more than 500,000 cycles. Thus, the 


TABLE 1—TEST RESULTS 


Range of 
Beam Cycles of load Range of load, _ [nominal elastic stress, Remarks 
percent of ultimate* | percent of ultimatet 

1 66,000 10-65 15-98 Failed 

2 323,000 10-65 15-98 Failed 
3 570,000 10-55 15-83 No failure 
4 570,000 10-55 15-83 No failure 
5 757,000 10-45 15-68 No failure 
6 757,000 10-45 15-68 No failure 

fi 32,000 20-70 30-108 Failed 

8 20,800 20-70 30-108 Failed 
9 503,000 20-50 30-76 No failure 
520,000 more 20-60 30-91 No failure 

53,000 more 20-70 30-108 Fail 

10 503,000 20-60 30-91 No failure 

33,000 more 20-70 30-108 Failed 
11 2,000 20-40 30-61 No failure 
676,000 more 20-50 30-76 No failure 

286,000 more 20-65 30-98 Failed 


*Ultimate static load measured to be 8800 lb total on two third points of identical beams. 
Ultimate static stress d to be 3800-3 i 7 i 1 
Petree a et ore Bt ima panes 900 psi for 6 x 12-in, test cylinders cast from the same batch 
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fatigue strength of the test beams at 500,000 cycles is more than 60 percent but 
less than 65 percent of their ultimate strength. This is 0.60 X 3.37 = 2.02 to 
0.65 X 3.37 = 2.18 times the design load for the beams. 


The beams could withstand thousands of cycles of load with a nominal 
extreme fiber stress by elastic analysis in excess of the ultimate strength of the 
concrete aS measured by cylinder tests. Note the test data for Beams 7, 8, 
9, and 10 when the nominal elastic stress in the extreme fiber was 108 percent 


of the concrete strength. The fatigue strength of the test beams is more than 


SOLS WO UPR ee, ete 
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twice their ACI elastic-design load. 


Van Ornum and Mehmel have reported loads for the fatigue failure of prisms 


- of 55 and 47 to 60 percent of the ultimate strength, or 1.22 and 1.04 to 1.33 


times the present design stress of 45 percent of the ultimate strength. Thus, 
the beams that were tested show much greater safety against fatigue failure 
than do compression members by present elastic design criteria. Using the 
results of cylinder tests for application to the design of beams subjected to 
repeated load can be misleading. The stress gradient and variation in beams 
must reduce the likelihood of their fatigue failure. 


The beams failed in shear (diagonal tension) under both static and repeated 
loads even though the shearing stress at design load is only 82 percent of the 
allowable shearing stress. Thus, shearing stresses may be more critical than 
compressive stresses in beams subjected to repeated loads and a beam whose 
design is controlled by shear would show less relative fatigue strength. 
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The series on 
air voids continues: 


Origin, Evolution, and Effects of the Air Void System 
in Concrete. Part 2—Influence of Type and Amount 
of Air-Entraining Agent’ 


By JAMES E. BACKSTROM,+ RICHARD W. BURROWS, 
RICHARD C. MIELENZ,§ and VLADIMIR E. WOLKODOFF** 


SYNOPSIS 


Air-entraining agents of differing chemical composition produce air voids of 
different size, distribution, and spacing. The amount of agent also has an 
effect on these parameters, in general, reducing the air void size and spacing 
when used in increasing amounts. Air, entrained by an effective agent, in 
the amount recommended by ACI Committee 613, or greater, will usually 
provide a satisfactory air void system and satisfactory resistance of concrete 
to freezing and thawing. In general, the factors which tend to reduce spacing 
also tend to increase freezing-thawing resistance of concrete. 


INTRODUCTION 


The normal work of the Bureau of Reclamation requires the testing and 
evaluation of many air-entraining agents for use as admixtures in concrete of 
various projects. All air-entraining agents proposed for such use are tested 
for compliance with the major requirements of ASTM C 260 (specifications 
for air-entraining admixtures for concrete), and during these tests relatively 
great differences in the behavior of various air-entraining agents have been 
noted. For example, one agent in powder form was found to develop a system 
of voids significantly different from that developed by the same agent used in 
solution form. Another agent, manufactured outside the United States, en- 


trained air readily but lost a great percentage during the compaction process. 


These differences in behavior stimulated interest which resulted in the investiga- 


tions reported here. 
Part 1}t of this series of reports discussed various factors that influence the 


development of an air void system in concrete during mixing and cause pro- 
gressive alteration of the size and spacing of the air bubbles in the interval 
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Fig. 1—Air void systems of concretes containing approximately 3.5 percent air. 
Agent J used in concrete at left, and Agent L at right. Figures are photomicrographs 
of polished concrete surfaces (magnification about 15.3 X) 


before hardening. The void systems developed in response to use of air- 
entraining agents of various compositions and in varying concentration in the 
concrete mixture are evaluated in this part of the series, and the effect of the 
resulting variations on the resistance of the concrete to freezing and thawing 
is discussed below. The methods and principles by which the parameters of 
the air void system in hardened concrete were measured are essentially those 
reported by Brown and Pierson.!*? A summary of the procedures used in obtain- 
ing air void parameters for this series of papers will appear in Part 4. 


TYPE OF AIR-ENTRAINING AGENT 


In all of these investigations the air-entraining agents were employed as 
admixtures. Numerous organic materials may be used for this purpose. 
Little is known concerning the fundamental relationships, but it appears (Fig. 1) 
that different substances will be more or less effective air-entraining agents in 
mortar or concrete because of differing elasticity of the film produced, differing 
reduction of surface tension, differing adhesion of the bubbles to particles of 
cement or aggregate, and differing permeability of the film to the constituents 
of air* at the concentration used to produce the desired air content. 


An air-entraining agent performs more effectively, the better it acts as 
follows in the solution produced by early hydration of portland cement: 
(1) develops a film of high elasticity at the air-water interface; (2) reduces 
surface tension; (3) inhibits transmission of air across the air-water interface ; 
(4) resists thinning or deterioration with time; (5) causes adhesion of the 
minute air bubbles to particles of portland cement; and (6) does not signifi- 
cantly impair the properties of mortar or concrete. Adequate performance in 


*The permeability of the film may vary significantly with respect to oxygen, nitrogen, and carbon dioxide. 
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TABLE 1—EFFECT OF AIR-ENTRAINING ADMIXTURES ON THE VOID SYSTEM IN 


CONCRETE* 
. Quantity of Water- | Air con- Void parameters determined microscopically Freeze- 
Air- air-entraining | cement tent, per- , thaw 
entraining admixture ratio, cent, by Air Chord Specific | Voids in- Spacing | expansion 
admixture per cu yd by. pressure | content, | intercept, surface, | tercepted factor, | per cycle, 
of concrete weight | method | percent in. in.-! per in. L, in. | millionths 
A 110 ml 0.45 5.6 5.9 0.0042 952 14.22 0.0046 0.0 
B (solution) 1032 ml 0.45 4.9 3.5 0.0048 833 7.40 0.0066 0.0 
B (powder) lllg 0.45 4.8 4.8 0.0059 678 8.05 0.0071 0.0 
Cc 147 ml 0.45 Dial, 4.6 0.0045 889 10.14 0.0058 0.4 
D 109 ml 0.45 5.4 5.1 0.0035 1143 14.57 p.0040 0.0 
E 1176 ml 0.45 4.9 5.0 0.0061 656 8.19 0.0073 0.0 
F 1838 g 0.45 4.6 5.2 0.0061 656 8.48 0.0071 0.1 
G 738 g 0.45 ral 4.1 0.0065 615 6.28 0.0082 0.0 
H 3665 ml 0.45 4.7 3.4 0.0050 800 6.87 0.0071 0.2 
I 9398 ml 0.45 ot 2.8 0.0089 449 3.08 0.0139 — 
J, 770 ml 0.45 Doe: 4.0 0.0038 1050 10.43 0.0051 0.0 
K 2192 ml 0.45 5.0 5.8 0.0058 690 9.85 0.0065 0.1 
L 411 ml 0.45 4.8 2.3 0.0084 476 2.74 0.0140 6.0 
B (solution) 52 ml 0.65 4.9 bat 0.0063 635 9.05 0.0062 0.0 
J 204 ml 0.65 4.7 §.2 0.0051 784 10.19 0.0055 0.0 
L 300 ml 0.65 4.8 5.9 0.0112 357 5.26 0.0101 60.0 


*Paste content 24.4 to 26.3 percent for W/C = 0.45 and 21.2 to 22.5 percent for W/C = 0.65. 


the first, fourth, and fifth of these categories is essential for satisfactory 
results. Reduction in surface tension may however vary within wide limits. 
Glantz and co-workers* found that, among four agents tested, the concentration 
of agent required to produce an air content of 22 percent in mortar caused a 
reduction of from 1 to 18 dynes per cm in the surface tension of water. At 
higher concentration (100 g per 1) the surface tension of all of the water-agent 
mixtures ranged from 31 to 36 dynes per cm. 


Little is known about the relative permeability to gases of films of polar 
molecules adsorbed at air-water interfaces. To the extent that the film reduces 
the transfer of air below the rate characteristic of pure water (or the water 
phase in concrete), the air-entraining agent will retard the rate at which a 
(specific surface of voids) would otherwise decrease with time. According to 
Clark and Blackman" this property of adsorbed films is fundamental to the 


stability of foams. 


Test program 

Microscopical examination of concrete specimens demonstrates that the air 
void system indeed does vary with the nature of the air-entraining agent, even 
if the other properties of the mixture are held constant. To evaluate the 
influence of different types of agents, a carefully controlled series of mixes 
employing 13 air-entraining agents was prepared, and the void parameters 
were determined by the linear traverse method!.8.'2 (Fig. 2 and Table 1). 
In this series, all concretes contained 34-in. maximum aggregate, and water- 
cement ratio, slump, and amount of compaction were held within close limits, 
the principal variable being the type and amount of agent required for an air 
content of about 5 percent as determined on the freshly mixed concrete by the 


air meter. Agents A, B, C, D, and J are well known air-entraining agents 


. 


meeting the requirements of ASTM C260. Agent Tis not a true air-entraining 


~-*Unpublished data of the Engineering Laboratories, Bureau of Reclamation, Denver, Colo, 
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Fig. 2—At the same air con- 
OvEMIORL ITE tent in the paste, the average 


SODIUM SALT OF ABIETIC ACID (NEUTRALIZED VINSOL RESIN). bubble size was influenced by 
SULPHONATED HYDROCARBONS. 


ALKYL SULPHONATES fede the type and form of the 
KYL SULPHONATE WITH LIGNOSULPHONATE AGENT) 
IRSCHBLE PETROLEUM SULPWONATE agent and the amount of 


ALKYL PHENOL OF AN ETHYLENE OXIDE. fines in the concrete, as ex- 
AGENT IN POWDER FORM ~ MIXED WITH CEMENT. 


- ent 
os - pes AGENT IN SOLUTION FORM - ADDED TO MIX WATER. pressed by the water-cem 
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ratio 


AVERAGE BUBBLE SIZE EXPRESSED AS ALPHA-IN*' 


SIZES OF 0.45 AND 
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WITHOUT AGENT 


AIR CONTENT OF CEMENT-WATER PASTE ~ PERCENT 


agent; it fails to effect entrainment of the desired amount of air, even if intro- 


duced in large amounts. Agent L is an air-entraining admixture manufactured 
outside the United States. 


Effect on bubble size and spacing 


Relative efficiency of the various agents, as indicated by the amount required 
to entrain a constant amount of air, varied widely as expected. However, 
significant differences in average bubble size and spacing factor (Table 1 and 
Fig. 2) also resulted from use of the different agents. In general, it appears 
that derivatives of abietic acid and sulfonated hydrocarbons produce somewhat 
smaller voids than do some other types of air-entraining agents. Also Agent B 
used in powder form produced slightly larger bubbles than when previously 
dissolved in a portion of the mixing water. Further tests may determine 
whether this is a characteristic phenomenon. 


Although the freezing and thawing resistances of these particular concretes 
were excellent, except for concrete containing Agent L, there may be conditions, 
such as the use of a borderline aggregate, * under which this resistance may be 
more influenced by the type of agent and characteristics of the air void system 
produced by it. The divergence of the dashed lines of Fig. 2 indicates that the 


*One which under the conditions of the freeze-thaw test!7 is considerably less resistant than the excellent 
aggregate from the vicinity of Coulee Dam used in this series, 
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differences in bubble size can be at- TABLE 2—EFFECT OF TWO AIR- 
tributed to the particular type rather ENTRAINING ADMIXTURES ON VOID 
SIZE DISTRIBUTION IN CONCRETE* 


than to the amount of agent used. 


; 3 Number of void 
Note that the concretes with the Diameter of voids, Reciea ola of Colereiat 
. hee microns 
0.45 water-cement ratio are divided Agent D Agent L 
into two general groups. Agents A, 20 210,470 605 
Sip oas 91,646 3403 
B, C, D, J, and H in liquid form pro- 60 30,761 2494 
: 11,501 1608 
duced small bubbles while the group 100 7319 1023 
— 120 4125 554 
containing Agents B (powder), E, F, 140 1056 548 
1 1344 272 
_ G, and L produced much larger bub- 180 539 278 
; 2 25 247 
- ples. The graphs show that this effect 250 245 173 
fs O 3 c 77.6 
must be attributed to the agent itself 350 129 52.8 
4 s 400 61.1 28.0 
and cannot be explained by differences 450 54.3 3.8 
3 . 500 18.1 1.8 
in total air content. Three concretes 600 11.0 14.0 
; : 7 3.2 
of 0.65 water-cement ratio are included 800 10.6 5.6 
: . 4 4.0 
to illustrate that reducing the amount 1000 1.5 4.6 
: , ; 2000 1.0 0.8 
of fines in the mixture increases the 3000 1.5 0.2 
400 — 0.2 
average bubble size, but the effect 
Total 359,645f 11,401} 


of the typ € of agent on the bubble *See Table 1 for mixture proportioning data. 

size remains evident. ished te teed aad Willa with ee method be 
As mentioned, Agents A, B, C, D, Re oo haus] 1001860 orosnecterehva ii 

and J produce voids of small average 

size, and the spacing factor is satisfactory (0.0040 to 0.0071 in.). The bubbles 

entrained by Agents E, F, G, H, I, and L are coarser and the spacing factor is 


comparatively large (0.0071 to 0.0140 in.). 


Comparison between the void systems produced by the satisfactory agents 
represented by Agent D in this series and the inferior Agent L can be obtained 
by calculation based upon the modified linear traverse method, using the 
mathematical development devised by Lord and Willis!8 (Table 2). For 
example, the concrete containing Agent D entrained approximately 360,000 
voids per cu em and about 60 percent of the voids are less than 20 microns in 
diameter. On the other hand, with Agent L, the concrete contained about 
11,400 voids per cu cm and only about 5 percent of these are less than 20 
microns in diameter. 


Void section frequency distributions produced by Agent J (a = 1050 Tass 
and Agent L (a = 480 in.!) were determined by areal traverse* (Fig. 3). 
The higher values of a for the specimen containing Agent J result from the 
abundance of void sections less than 100 microns in diameter; also, approxi- 


mately 50 percent of the void sections are less than 50 microns in diameter. 


*No discrepancy exists between the calculated size distribution of void diameters indicated in Table 2 and the 


_ distribution of void sections indicated in Fig. 2. The curves are established directly from the diameters of void 


cated by the areal traverse will increase with the diameter of the void and the ngiestes property . ee 


i i tions less than 20 microns in diameter is indicated to be on q 
enn Geis catasl proportion of voids less than 20 microns. in diameter probably is close to 60 percent. 
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Fig. 3—Change in distribu- 
tion of void-section size with 
use of satisfactory (Agent J) 
and inferior (Agent L) air- 
entraining admixtures 
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Conversely, in the specimens containing Agent L, void sections less than 100 
microns in diameter are no more abundant than in non-air-entrained concrete, 
and void sections less than 50 microns in diameter constitute only 10 percent 
of the total number. This void system is characteristic of that of non-air- 
entrained concrete of moderate water-cement ratio. Although no void sections 
less than 13 microns in diameter were observed in this concrete, void sections | 
less than 10 microns in diameter are not unusual in non-air-entrained concrete. 
To determine the variation within the void system of concrete from place. 
to place in specimens, another series of mixtures containing 114-in. maximum- 
size aggregate was prepared and cast as 6 x 12-in. cylinders (Table 3), then 
sawed to provide 3 x 3 x 6-in. specimens. The void parameters obtained in 
this series compare favorably with the results obtained previously (Table 1). 
Here again, Agent L produced coarse bubbles and failed to retain the air 
indicated to be present immediately following mixing. The loss in air is 
attributed to the combination of: (1) a poor quality film produced by this 
agent, which offers but little resistance to migration of air from small to large 
voids, which in turn become more buoyant and therefore more susceptible to 
upward migration and final release into the atmosphere during placing and 
compacting; and (2) the agitation incident to handling and placing. Although 
the air content was found to be consistently higher in the top half of specimens 
than in the bottom half, the spacing factor was not affected significantly. 
Data obtained from an extensive investigation into the effects of vibration 
on various properties of air-entrained concrete verify these results, and in 
addition show specimens from the bottom half to be stronger and more durable 
than those from the top half of the original cylinders despite the negligible 
difference existing in the magnitude of the spacing factor. These data will be 
discussed later. rise 


Effect on freezing and thawing resistance 

The influence of type of agent, which was so significant on a and spacing 
factor L, was not so readily apparent on freezing and thawing resistance. 
In only one instance, that of specimens containing Agent L, was resistance 
adversely affected. Agent L was particularly ineffective in retaining the 
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TABLE 3—EFFECT OF AIR-ENTRAINING ADMIXTURES ON THE VOID SYSTEM IN 
PORTIONS OF CONCRETE SPECIMENS* 


: Quantity of Air Void parameters determined microscopically 
Air-. air-entraining content, Portion 
entraining | admixture percent by of Air Chord Specific Voids Spacing 
agent per cu yd gravimetric | specimen | content, | intercept, surface, |intercepted factor, 
of concrete method percent in, in.-! per in. L; in. 
» Top 1.68 0.0156 256 1.078 0.0293 
A None —_— 0.4 Bottom 0.62 0.0107 372 0.573 0.0309 
- Average 1.15 0.0131 314 0.826 0.0301 
3 Top 5.63 0.0045 889 12.520 0.0046 
B. 1500 ml 6.0 Bottom 4.30 0.0048 833 9.003 0.0055 
(solution) Average 4.96 0.0046 861 10.762 0.0050 
Top 5.18 0.0041 976 12.647 0.0045 
J 580 ml 5.0 Bottom 3.81 0.0039 1026 9.893 0.0049 
Average 4,49 0.0040 1001 11.270 0.0047 
< Top 3.38 0.0085 470 3.984 0.0107 
: L 253 ml 5,2 Bottom 2.76 0.0078 513 3.544 0.0108 
4 Average 3.07 0.0082 492 3.764 0.0108 
© : A S 
< *114-in. maximum-size natural aggregate; 34.2 percent sand in the aggregate; water-cement ratio = 0.53; 


213 to 261 Ib water per cu yd; slump = 2.6 to 4.6 in.; paste content = 20.15 to 24.70 percent; 6 x 12-in. cylinders, 
placed in two lifts, each lift vibrated 5 sec. 


e- indicated initially entrained air or in developing a satisfactory system of voids 
(L = 0.0140) in concrete having a water-cement ratio of 0.45. These deficien- 
- cies were reflected in the relatively low resistance developed. On the other hand, 
a similar mixture except for water-cement ratio of 0.65 contained more air 
in the hardened concrete than was indicated in the fresh concrete, possessed a 
. better spacing factor (0.010 in.) than its richer companion, but had low re- 
sistance to freezing and thawing. Failure in this case consisted of a rapid 
expansion in combination with a heavy scaling neither consistent with nor 
- anticipated from the magnitude of L, and is probably due to the excessive 
size of the air voids and their sporadic and nonuniform distribution throughout 
the concrete. Concretes containing the other agents consistently possessed 
: much better void systems and all developed very little, if any, expansion 
— _ during the freezing and thawing test, a result found to be typical of air-entrained 
~ concrete containing the superior basaltic aggregate from the vicinity of Grand 
- Coulee Dam. Had these concretes contained an aggregate of average or poor 
| quality in a leaner mix, the effect of type of air-entraining agent on freezing 
and thawing resistance would probably have been more evident. 


222 PROPORTION OF AIR-ENTRAINING AGENT 


Tf other factors are held constant, an increase in the air content of cement 
paste of given water-cement ratio will increase the interface area through 
which diffusion takes place and decrease the distance through which the dis- 
solved air must diffuse. Consequently, the rate of dissolution of small bubbles 
and growth of larger bubbles will increase. Moreover, if the film between 
bubbles becomes too thin, coalescence of bubbles decreases their number and 
increases their. average size. Hence, a will tend to decrease and L to increase 
at a greater rate prior to hardening of the concrete if the air content is increased. 

However, if the greater air content is developed by use of an increased 
\ proportion of air-entraining admixture, within the range of concentration 
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Fig. 4—Effect of varying 
SS eee amounts of — air-entraining 
ee: agent on parameters of void 
system and freezing and 
thawing resistance 
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ordinarily employed, the decrease in surface tension and increased thickness 
of the adsorbed layer at the air-water interface in part will offset the tendency 
toward an increased rate of diffusion of air. Also, the reduction in surface 
tension permits more breakdown of large bubbles into small ones on vigorous 
agitation, and the rate of coalescence of bubbles will be decreased. Trans- 
\ mission of air from bubble to bubble also will be decreased to the extent that 
_ a thicker and more concentrated film of adsorbed polar molecules at the air- 
water interface reduces passage of air out of or into the bubbles. . 
Data presented below will demonstrate that in the range of practical air 
content of concrete the effect of increased air-entraining admixture outweighs 
the effect of increased air content and so results in increased a and decreased [. 
With addition of excessive proportions of air-entraining admixture, decrease 
in the difference between the concentration of admixture in the film and in the 
bulk water phase will reduce the elasticity of the adsorbed film sufficiently to 
permit more ready coalescence of bubbles so that @ will tend to decrease. 


ae 
= 
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TABLE 4—EFFECT OF PROPORTION OF AIR-ENTRAINING ADMIXTURE 


Proportion of | Water- Void parameters determined microscopically Freeze- 
air-entraining cement Water Paste ; thaw 
admixture ratio | content, | content, Air Chord Specific | Voids in- Spacing | expansion 
(M), ml by lb per | percent | content, intercept, | surface, | tercepted factor, per cycle, 
per cu yd weight cu yd percent in. in.-! per in. Ean. millionths 
0 0.58 299 2735 0.6 0.0103 388 0.58 0.036 110 
80 0.57 295 Zee 0.9 0.0140 286 0,64 0.036 62 
160 0.56 288 26.9 1.8 0.0092 435 1.96 0.0172 20 
240 0.55 283 26.6 2.2 0.0085 471 2.59 0.0148 9 
320 0.53 277 26.3 2.0 0.0095 420 2.10 0.0169 5 
360 0.53 274 26.1 2.4 0.0072 556 3.34 0.0121 3 
400 0.52 272 26.0 Bvt 0.0080 500 3.38 0.0124 2.1 
520 0.51 264 25.4 3.2 0.0054 7Al 5.93 0.0077 1.5 
680 0.49 251 24.7 3.6 0.0051 784 7.06 0.0069 ek 
760 0.48 248 24.5 4.7 0.0049 816 9.59 0.0057 0.9 
840 0.47 244 24.3 sia 0.0048 826 10.53 0.0054 0.8 
1000 0.46 239 24.0 5.5 0.0043 937 12.88 0.0046 0.6 
1160 0.44 234 2300 5.4 0.0041 976 13.18 0.0044 OS 


Effect on bubble size and spacing 


To study the relationship of and L to the amount of air-entraining ad- 
mixture, a series of 3 x 6-in. cylinders was prepared from similar mixtures 
containing 34-in. maximum-size aggregate and constant cement content, to 
which increasing amounts of Agent M were added to effect small increases in 
air content (Table 4). Water content was varied, resulting in water-cement 
ratios ranging from 0.45 to 0.58, to provide approximately the same slump. 
Each cylinder was vibrated approximately 5 sec. The air content after 
vibration ranged from 0.6 to 6.2 percent, as the amount of admixture was in- 
creased from 0 to 1160 ml per cu yd. Thirteen specimens, including one 
without any air-entraining admixture, were analyzed microscopically (Table 4 
and Fig. 4). The data show that within the range investigated, the use of 
additional amounts of air-entraining admixture results in increased air content 
and a (the average bubble size decreases), in decreased L, and in increased 
resistance to freezing and thawing. Values of a varied from less than 600 Tiles 
at 3 percent air to approximately 1000 in at 6 percent air. As the air 
content approaches 6 percent, a appears to increase only slightly. Other 
tests indicate continued slight increases in a with increases in air content to 
as much as 12 percent. Z decreased progressively with increases in a and 
freezing and thawing resistance increased. The effects on a described in this 
section have been attributed entirely to variations in amount of air-entraining 
However, it should be emphasized that changes in water-cement 
ratio of concretes containing either a constant amount of air or a constant 
amount of admixture also have significant effects on a. These effects will 


be evaluated and discussed later but, in this series, because of the extremely 


small differences in water-cement ratio when compared with the differences . 


in the amount of agent used, they are believed to be of secondary importance. 
- Variation in the proportion of air-entraining admixture used is also re- 
flected in the distribution of void sizes. Data are available for a series of 
concretes containing varying proportions of Agent J (Table 5 and Fig. 5). 


For the concrete whose air content is 8.4 percent, a is 1140 in. and apprcxi- 


mately 65 percent of the void sections are less than 50 microns in diameter. 


admixture. 
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For the concrete whose air content is 3.0 percent, @ is 625 in.' and only 
about 40 percent of the void sections are less than 50 microns in diameter. 
Appreciable differences occur also in the abundance of void sections less 
than 10 microns in diameter. 


In supplementary tests the effect of the proportion of air-entraining ad- 
mixture on the value of a for hand-rodded and for vibrated concretes was 
found to be similar. This is demonstrated by a concrete taken directly 
from the mixer and neither formed nor compacted; after hardening the air ° 
content was 13.5 percent and a = 702 in.” After placing and compacting 
some of the same concrete, the air content of the hardened concrete was 
reduced to 6.5 percent and @ was increased to 1250 in.-! Nevertheless, 
and despite the violent agitation attendant to the placing operations, Z 
in the hardened concrete increased only from 0.0024 to 0.0031 in. From 
this, it may be concluded that with a given proportion of air-entraining 
admixture, if other factors are held essentially constant, concrete develops 
a void system such that the spacing factor L varies only slightly, regardless 
of manipulation of the fresh concrete, within practical limits, and in spite of 
large changes in a and air content. 


* 

= 

- Optimum air content 

eee It is possible to evaluate the concept of optimum air content in the light 
of these data. As generally conceived, optimum air content is that air con- 


tent which yields a practical maximum resistance to freezing and thawing 
with minimum loss of strength. As we have seen above, a given proportion 
of a satisfactory air-entraining admixture, sufficient to entrain as much or 
more than the amount of air recommended by ACI Committee 613, induces 
a system of air voids characterized by a spacing factor which can be modified 
only slightly by manipulation of the plastic concrete. Since the resistance 
_ to freezing and thawing of cement paste of moderate water-cement ratio 
depends primarily upon the spacing factor, we may conclude that the optimum 
_ air content for any given concrete is that air content obtained with the applied 
method of compaction when the concrete removed from the mixer possesses, 
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TABLE 5—EFFECT OF PROPORTION OF AIR-ENTRAINING ADMIXTURE ON THE 
VOID SYSTEM OF CONCRETE HAVING CONSTANT W/C RATIO AND SLUMP* 


Proportion Void ' i i icall: 
id ae. car aie oid parameters determined microscopically 
entraining content, | content, |Slump, content, Air Chord Specific | Voids in- Spacing 
admixture lb per _ | percent of in. percent content, | intercept, | surface, tercepted factor, 
ml percuyd}{| cuyd | aggregate percent in. in,-! per in. L, in. 
302 303 48 2.5 29.5 3.0 0.0064 625 4.65 0.0101 
587 278 45 269 26.8 6.3 0.0051 784 12.36 0.0054 
1,509 PAM 42 BI if 24.1 8.4 0.0035 1140 24.14 0.0025 
*114-in. maximum-size natural aggregate; 42 to 48 percent sand in aggregate; water-cement ratio = 0.50; 
6 Bae Cae Sid placed in two lifts, each lift vibrated 2 sec. : 
gent 


after hardening, adequate strength and spacing factor consistent with the 
desired resistance to freezing and thawing. The magnitude of the spacing 
factor, and hence the magnitude of the air content at the optimum, depends 
upon the freezing and thawing procedure applied or used as referencec¥ It 
follows that the determined magnitude of the optimum air content of any 
given concrete under a given set of conditions may vary widely, depending 
upon the method and intensity of compaction, but the optimum air content, 
whatever it may be in magnitude, should be obtained with the same amount 
of a given air-entraining admixture. 


' Freezing and thawing resistance 
Fig. 4, a plot of data in Table 4, shows the correlation between the amount of 
air-entaining agent, and the parameters of the void system and the resistance 
of fog cured concrete to freezing and thawing. Direct or inverse relationships 
are indicated in all cases. Fig. 6 shows the correlation between L and 
Z the freezing and thawing resistance ‘ 
of the same concretes. These results 
fe agree remarkably with previous find- 
jE ings,!9.2°.24 whose average is also 
plotted in Fig. 6, when it is recalled 
that results from different concretes, 
different methods of specimen surface 
preparation, and different test pro- 
cedures were used to get the average. 
Another factor contributing to the 
displacement from the average of the 
curve representing concretes contain- 
ing Agent M is the presence of a dis- 
persing agent in Agent M which, in 
increasing amounts, significantly re- | | |) ope 


3 (AGENT 
fs + 


4} 


REVIOUS TESTS 


EXPANSION PER CYCLE, MILLIONTHS 


duces water-cement ratio. Hyper- gece Sone & & 3 
- police shape of the curves shows that Yolo. SPACING FAGTOR, L-INCH 


progressively ae ee fac Bare Fig. 6—Correlation of void spacing 
provide, within limits, increasingly factor and freezing and thawing ex- 
greater freezing and thawing resist- pansion. _ Amount of agent varied. 
“ance with increasing margin of safety. Dashed curve from Reference 21 
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CONCLUSIONS 


1. The resistance to freezing and thawing of moist cured, air-entrained 
concrete, as measured by expansion per cycle is influenced to a great degree 
by the magnitude of the void spacing factor!?.17 with which it varies inversely, 
and which in turn is determined by size distribution and frequency of air 
voids. With but few isolated exceptions, those variables which tend to 
decrease spacing factor also tend to increase freezing-thawing resistance. 


2. The size distribution and frequency of air voids and concomitantly 
the spacing factor and freezing and thawing resistance, are influenced by 
many factors, among the most important of which are the kind and the 
amount of air-entraining agent. The average size of the voids and the com- 
puted spacing factor tend to decrease (1) with increasing proportion of air- 
entraining agent, at constant water-cement ratio, and (2) at nearly constant 
air content, with decreasing water-cement ratio within the range of workable 
mixtures. 


3. Spacing factor appears to be an inherent characteristic of each con- 
crete mixture, being determined by the physical and _ physical-chemical 
properties of the constituents and the proportion and efficiency of the air- 
entraining agent. The spacing factor is not altered materially by manipu- 
lation incidental to handling, placing, and compaction, although the air 
content and a may vary widely. 


4. The data indicate that a satisfactory entrained air void system is as- 
sured if “Recommended Practice for Selecting Proportions for Concrete (ACI 
613-54)” is followed, provided the air-entraining admixture will meet the 
requirements of ASTM C 260 “Specifications for Air-Entraining Admixtures 
for Concrete.” Under these conditions, the specific surface a of the air void 
system may be expected to range from 600 to 1000 in.-! and the computed 
spacing factor from about 0.008 to 0.004 in. respectively. 
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Title No. 55-17 


Design of Symmetrical Columns with Small Eccen- 
tricities in One or Two Directions’ 


By FREDERICK P. WIESINGERT 


SYNOPSIS 


A comprehensive and general method is presented for the design of columns 
according to the ACI Code, where e’/t is not more than 2 in either direction. 
Tables to speed up time-consuming trial and error computations for all 
standard cases and a simple method for the construction of straight-line 
charts are included. 


NOTATION 


The notation is substantially the same as that of “Building Code Require- 
ments for Reinforced Concrete (ACI 318-56)” except that the eccentricity of 
the resultant load is designated as e’, the least lateral dimension of the column 
as t/, and that the stresses are used in kips per sq in. Special notation is 
explained in the text. 


A, = over-all (gross) area, sq in. gi = center-to-center dimension of extreme 
A, = cross-sectional area of reinforcing steel, steel in the direction of bending, in. 
sq in. h = unsupported length of column, in. (See 
a, = shape factor [see Eq. (1)] Section 1102, ACI 318-56) 
cs 7 pattern factor [See Eq. (2)] I = moment of inertia of column in the 
e’ = eccentricity of the resultant load on the direction of bending, in.! 
column, measured from the gravity 


I, = moment of inertia of over-all or gross 


axis, in, Ae ten ea 
F, = nominal allowable axial unit stress area in the direction of bending, oe 
(0.225 f.’ + fspo), kips per sq in. I, = moment of inertia of reinforcing steel 
F, = allowable bending unit stress, kips per area in the direction of bending, in.* 
sq in., that would be permitted if bend- NV = axial load applied to column, kips 
: é cs 4 
ate poly Bees eS ae, P. -= equivalent axial load, kips 
fa = nominal axial unit stress = V / Ay, kips 
per sq in. Py = As/Ag 
fo = bending unit stress (actual) = Ne’/S, @Q = reduction factor. See Eq. (4) 
kips per sq 1n. E : S = section modulus of column (of trans- 
f. = actual concrete_stress, Kips Dery ea ae formed area) in the direction of bending, 
fs. = nominal allowable stress in vertical in3 
i t: 16 kips per s ; 
poems ranloneemen a 4 t = out-to-out dimension of column in the 


in. for intermediate grade steel and 20 
kips per sq in. for rail or hard grade 
steel [See Section 1103(a), ACI 318-56] 7?’ = least lateral dimension of column, in. 


*Received by the Institute Oct. 10, 1957. Title No. 55-17 is a part of copyrighted JouRNAL or THE AMERICAN 


direction of bending, in. 


_ Concrete InstituTE, V. 30, No. 2, Aug. 1958, Proceedings V. 55. Separate prints are ayailable at 50 cents each. 


Discussion (copies in triplicate) should reach the Institute not later than Nov. 1, 1958. Address P. O. Box 4754, 


ion, Detroit 19, Mich. = tes coe aoe 
Be aier Ametiean, Conerets Institute, Assistant Professor of Civil Engineering, University of Illinois, 
Chicago Division, Chicago, Ill. 
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TABLE I—VALUES OF a, 


s 


t 


‘9833! 


TABLE 2—VALUES OF a, WITH ALL BARS OF SAME SIZE, BAR SPACING 
CONSTANT ALONG FACE 


() ANY NUMBER OF BARS (2)ANY NUMBER OF BARS (3) 6 BARS (4) 6 BARS 
(% ON EACH FACE) 


(5) 8 BARS (6) 12 BARS (7) 16 BARS (8) 20 BARS 
AT a : | i ; ° : : 
e : e e «| ehU06©€° . e { oe : : eeee 
A sealed al —— _ 
(9) 6 BARS (10) 8 BARS (11) 10 BARS (12) 12 BARS 
® . e e ee ° eetes eeceleece 
| ! | | 
e ¢ ° e ele eetere ecclcoe 
Ls» | = - Ln Loe] | 
-333 .278 .250 .234 
(3) 10 BARS (14) 12 BARS (15) 10 BARS (6) 12 BARS 
ean Ge oe 
tat | ee ee ° ee 2 | yl ‘ . 
Le J ee Le 
312 .292 400 417 


Se 0.225 fe’ + feo Fy 
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DERIVATION OF FORMULAE 


To design a column for a given load one has to determine both the size of 
the column and the amount of reinforcement, assuming that allowable stresses, 
shape of column, and pattern of reinforcement are predetermined. 

A basic equation giving the required column size A, will be developed. To do 
this it is necessary to express the section modulus of the member as a function 
of A,. This can be done by using the radius of gyration of the section; never- 
theless, it will be more convenient to introduce two new, dimensionless variables: 
“shape factor” for the gross area, designated as a, and “pattern factor’ for 
the steel, designated as as. 


OG Fr ne OTe gaa eae ap Rg (1) 
21; 
= Cee er ee (2) 


It can be seen readily that these will be independent of sizes and represent 
only the shape and the pattern. (Example 4 gives an illustration.) Tables 1 
and 2 include most every common case. 
The moment of inertia of the whole section can be expressed as: 
Pate 17h 
Expressing J, and J, from Eq. (1) and (2) and substituting: 
I = Yat?A, + Yan — 1) 9?t?Ae 


The section modulus of the member becomes: 
Ss = =f == Nila tetas I) G2 Alacra Were eee cele eis = = (3) 
1/2 g419g 
or, since A, = DyAg 


S = tAglag + as (m — L)g?py].. 1... secre eee n cere (3a) 


The equation governing the design of columns is given in Section 1109 (a) 
of ACI 318-56: 


Substituting the quantities defined in Section 1100: 


N/A, Ne'8oe= 
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TABLE 3—VALUES OF Q [0.225 f.’ + fpol* 
Sa Je’, Tied columns (Q = 0.8) Spirally reinforced columns (Q = 1.0) 
ki k | | | 
eat. sain. |py = 0.01|p) = 0.02|p, = 0.03|p, = 0.04|py = 0.01\p¢ = 0.02|p, = 0.03|\p, = 0.04 
16 2 0.488 | 0.616 | 0.744 | 0.872 | 0.610 | 0.770 | 0.930 | 1.090 
2.5 0.577 | 0.705 | 0.834 | 0.961 | 0.722 | 0.882 | 1.042 | 1.202 
3 0.668 | 0.796 | 0.924 | 1.052 | 0.835 | 0.995 | 1.155 | 1.315 
3.75 0.803 | 0.931 1.059 1.187 1.004 | 1.164 | 1.324 | 1.484 
5 1.028 | 1.156 1,284 1.412 1.285 1.445 | 1.605 | 1.765 
20 2 0.520 | 0.680 .840 | 1.000 | 0.650 | 0.850 | 1.050 .250 
2.5 0.610 | 0.770 | 0.930 | 1.090 | 0.762 | 0.962 1.162 | 1.362 
3 0.700 | 0.860 | 1.020 180 | 0.875 1.075 1.275 | 1.475 
3.75 0.835 | 0.995 | 1.155 | 1.315 1.044 | 1.244 1.444 | 1.644 
5 1.060 | 1.220 | 1.380 | 1.540 | 1.325 | 1.525 1.725 1.925 


*For long columns multiply the tabulated values by (1.3 — 0.03 h/t’) 


In order to account in an orderly fashion for the reduction for tied columns 
[Section 1104(a)] and the reduction for long columns (Section 1107), a “reduc- 
tion factor” designated as Q will be introduced. 


Q = 1.0 

Q = 0.8 

Q = 1.3 — 0.03 h/t’ 

Q = 0.8 (1.3 — 0.03 h/t’) 


for short spiral columns 
for short tied columns 
for long spiral columns 


for long tied columns 


Substituting the value of S given in Eq. (8a) and including Q, the above 
expression becomes 


N/A, (N/A,) (e’/t) 
Ojos hil * Rinkaetnc tee ee (5) 
or 
N Ne'/t < 
Q [0.225 fe’ Ag + feA.]  FrlapAg + a(n — 1)g2A,] overs oa 
Kq. (5) can be rearranged to yield an expression for A,: 
: N Ne'/t 
A Blo ee aer ne eee ee i es 
require Q [0.225 f.’ + fapil 1 Kila + alten lie (6) 


; The denominators of this equation for the most common cases are given 
in Tables 3 and 4. The 331% percent increase of the allowable stresses given 
in Section 603(c) of the ACI Code can be achieved by multiplying the tabu- 
lated values in both tables by 1.333. 

For bending in both directions the second term will have to be used sep- 
arately for each axis according to Section 1109(b). See Example 4. 

In order to compute the required reinforcement, an expression for p, can 
be developed. However, this expression is cumbersome even for bending in 
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one direction only. An easier method for determining p, will be shown in 
Examples 1 and 4, and a solution with a chart is given in Example 2. 

It might be desirable in some cases to compute the capacity of a given column 
section for a given eccentricity. Eq. (5a) can be rearranged to yield: 


1 
allowable N = eee 
able j TT (7) 


Q (0.225 f.’A, + frAs] “i Fy [agAg + as (n — 1)g?Aa] 


See Example 3. 


APPLICATIONS OF THE METHOD 
Example 1 
Using the tables, design a tied column for N = 300 kips, e’ = 6 in., f.’ = 3 kips per sq in., 
fs = 16 kips per sq in. (intermediate grade steel). (Example from article by Savran in May 1957 
ACI Journat, Proc. V. 53, p. 1081). 


Assume p, = 0.02 and ¢ = 20 in.(gt = 15in., g = 15/20 = 0.75). By Kq. (6), 


N ie Ne’ /t 
Q [0.225 f.’ + fede] Fo lay + as (mn — 1)g*pol 


required A, = 


Find denominators from Table 3 and with interpolation from Table 4. 


_ 300 1800/20 
~ 0.796 0.293 


required A, = 377 + 307 = 684 sq in. 


The required width would be about 34 in. (34 X 20 = 680 sq in.) Not good. 


Try t = 24 in. (g = 0.79) 


300 1800/24 


—— 547 sq in. 
0.924 0.338 


325 + 222 


If p, = 0.03, required A, = 


300 1800/24 


= i = 285 + 199 = 484 sq in. 
If p, = 0.04, required A, 1.052 0.377 ata sq in 


Use 22 x 24in., A, = 528 sq in. 


Find required p, by interpolating between p, = 0.03 for A, = 547 and p, = 0.04 for A, = 484: 


547 — 528 
= — 0.03) --—_— = 0.033 
py = 0.03 + (0.04 — 0.03) 77 — gay 


(A straight-line interpolation is theoretically not correct; nevertheless, the result will be 


sufficiently accurate for all practical purposes. ) 


required A, = 0.033 X 528 = 17.4 8q in. 
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The actual selection of bars can be checked with Eq. (5a). If ten #11 bars are used, A, =15.6: 


300 a 1800/24 e 
0.8 [0.675 X 528 + 16 X 15.6] 1.35 [0.1667 X 528 + 5 X 9 X 0.79 X 15.6] 


0.617 + 0.422 = 1.039 > 1 


- Therefore the section is somewhat overstressed. 


Example 2 

Construct a chart (Fig. 1) for solving the problem of Example 1. (Use this method if several 
columns of the same type have to be designed for various combinations of N ande’.) Bending 
about one axis only. (For derivation see Appendix.) Column size = 22x 24in.; A, = 528 
sq in. 

Mark on the vertical scale various values of Q [0.225 f.’ + fsp]. See Table 3; for py, = 0.01 
the value is 0.668; for p, = 0.02 it is 0.796, etc. Also mark on the horizontal scale various 
values of F;[a, + a, (n — 1)9%p,]. See Table 4. Connecting the corresponding points completes 
the chart. Enter on the vertical scale with N/A, = 300/528 = 0.568 and on the horizontal 
scale with (N/A,) (e/t) = 0.568 X 6/24 = 0.142 and read required p, = 0.033. 


{o=3 KIPS per sq. in. 
fg*I6 KIPS per Sq. in. 
g®.79 


| 2 Ss 4 
Ls (N/Agh(e/) 
Fig. 1—Chart for solution. of Fy [eo +a. (nl) oA] 


0.0 | 


ari Example 2 


ae 
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Example 3 

Determine the capacity of a 20 X 20-in. tied column if f.’ = 3 kips per sq in., f, = 20 kips 
per sq in., A, = 4.74 sq in., and e’ = 3 in. (Example from Concrete Reinforcing Steel Institute 
Design Handbook, pp. 276, 277, and 278) Use Eq. (7): 


1 


a 1 ‘e 3/20 
0.8 (0.675 X 400 + 20 X 4.74) " 1.35 (0.1667 X 400 + 0.5 X 9 X 0.5625 X 4.74) 
fl FA 8 Eos SO 
~ 0.00343 + 0.001415 — P 
Example 4 


Determine the size of the bars to be used for the column shown in Fig. 2. 

f.’ = 4kips persqin. (Ff, = 0.45 X 4 = 1.8 kips per sq in., n = 30/4 = 7.5), f. = 20 kips 
per sq in., N = 93 kips. This example will be worked without the use of the tables in order to 
illustrate the method of obtaining the tabulated values. 

About the y-axis: 


2X 18 X 213/12 f ‘ 
Oe I Seat Oe REEL 0.1667 (See Table 1) 
Six of the ten bars are at gt/2 and four of them at gt/6: 


. 2[ (6/10)A,(gt/2)? + (4/10)A, (gt/6)*] 
; A,(gt)* 


= ().322 (See Case 13 in Table 2) 


e'/t = 13/21 = 0.62< 34 
g = 15/21 = 0.715 


+ s 
LOCATION 
BS OF LOAD 
oe 


Fig. 2—Column used in 
Example 4 ; 


——a ne 
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About the x-axis: 


a, = 0.1667 


_. = A(S/1OAL (ot/2)4 
: A,(gt)? 


= 0.400 (See Case 15 in Table 2) 
e'/t = 9/18 = 0.5< % 


g = 12/18 = 0.667 


If p, = 0.02, from Eq. (6), by using the second term separately for each axis, find required 
gross area: 


oa 93 z 93 X 0.62 
required Ay = 9 39.90 4+ 20 X 0.02) | 1.80(0.1667 + 0.322 X 6.5 X 0.715? X 0.02) 


233 93 X 0.5 
1.80(0.1667 + 0.400 X 6.5 X 0.667? X 0.02) 


= 89 + 170 + 136 = 395 sq in. 


If p, = 0.03 


4 eee 93 X 0.62 
required Ay = 9 3/9 90 + 20 X 0.03) ' 1.80(0.1667 + 0.322 X 6.5 X 0.715? X 0.03) 


93 X 0.5 
i 1.80(0.1667 + 0.400 X 6.5 X 0.667? X 0.03) 


= 78 + 161 + 128 = 367 sq in. 


Get p, for A, = 21 X 18 = 378 by interpolating between A, = 395 for p, = 0.02, and A, = 367 
for py = 0.03: 


5 — 378 


39 
= se—00. = 0.0261 
py = 0.02 + (0.03 — 0.02) 205 a6, 


A, = 378 X 0.0261 = 9.9 sq in. 


Use ten #9 bars (10.00 sq in.) 
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Fig. 3—Interaction diagram 
N/A, and N/A, X e’/t 


QL225 t+ tp] 


APPENDIX 


Derivation of chart used in Example 2 


From similar triangles, Fig. 3, 


(N/A,) (e’/t) : Q [0.225 fe’ + fap.) — N/A, 
Frlag + as (n — 1)g*p¢] Q [0.225 f.’ + fang] 


Rearranging yields Eq. (5). 


Actual stresses 
If desired, the actual concrete stress f, can be determined from: 


axial load moment 
transformed area section modulus 


See Eq. (3), again using the second term separately for each axis if bending in both directions 
exists. Thus: 


N Ne'/t 
1 Bee = DA,” aed ba (w= Hyp % 
i ra eareee Fy RRL Ba 2 ) ae ae (9) 
Ay\l+(n—1)p, a + a,(n — 1)gp, 


Equivalent axial load with the use of coefficient B 

The Code (ACI 318-56) provides in Section 1109(¢) for design using an equivalent axial load 
P. This paper can be used to get an exact value for P with very little work, but this is not 
recommended because it leads to trial and error, much of which can be avoided by using the 
methods outlined above. However, it might be of interest to show how P can be obtained. 
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Introducing the reduction factor Q and using the notation of this paper, the equation from 
the Code can be given as: 


PTeCNIOV St: (Bell taynte trachea toacn ako ae 


The Be’/t quantity has to used separately for each axis if bending in both directions exists. 
The coefficient B is the same as the quantity C X D from the old Code (ACI 318-51) and an 


exact value can be obtained by computing: 


_ Q (0.225 fo" + fepol te 
pone, eee ee 
and 
ed Ly ee eee (12) 
a, + as (n — 1) 97D 
or 
= OIL 8 fa Peleg! Meee a oe ee (13) 
Eepa ed — 1)9?p¢] 
Note that a wide range of values is tabulated for both the numerator and the denominator for 


this last expression in Tables 3 and 4. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Nov. 1, 1958, for publication in the March 1959 JOURNAL. 
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Resistance of Portland Blast Furnace Slag Cement 
Concrete to Ice Removal Action 


By W. C. HANSEN*, R. P. VELLINESt, and W. W. BRANDVOLD¢ 


INTRODUCTION 


Portland blast furnace slag cement (Type 
IS and Type IS-A) has been in use in the 
United States for several years. It seemed 
desirable to compare in field tests the resist- 
ance of concrete made with Type IA and 
Type IS-A cements to freezing and thawing 
accompanied by the removal of ice with 
chemicals. Accordingly, during the 1956-57 
winter, an investigation was undertaken 
similar to that reported by Hansen§ in 1954. 


CEMENTS AND AGGREGATES 


The six cements used in this study were 
the Type IA and Type IS-A cements from 
Plants A, B, and C. These were identified as 
AIA, AIS-A, ete. The compositions were 
normal for such cements. The variations of 
the principal components for the Type IA ce- 
ments were: CaO, 62.1 to 63.6 percent; Si02, 
20.8 to 21.6 percent; and Al,0s, 5.7 to 6.4 per- 
cent. For the Type IS-A cements, they were: 
CaO, 53.9 to 55.0 percent; SiOz, 24.8 to 27.6 
percent; and Al,0s, 7.5 to 8.8 percent. The 
results of the usual ASTM specification tests 
on the cements are given in Table 1. 


The aggregates were sand and gravel from 
Elgin, Ill., which were stockpiled in a satu- 
rated surface wet condition. 


SPECIMENS 


There were four sets of specimens, each 
consisting of one 36x 36x6-in. slab, one 
6x 6 x 32-in. beam, and five 6x 12-in. cylin- 
ders. Fig. 1, 2, 3, and 4 show two of the slabs 
made with Type IA and two of the slabs 
made with Type IS-A cements after 20 
cycles of ice removal. The slabs were built 
with a dike on each edge, to permit impound- 
ing of water on the slab. As soon as the finish 
brooming was completed, 1x 1-in. dikes of 
1:2 mortar made with Type IA cement were 
placed around the edges of the slabs. These 
were anchored to the slabs by small brass 
screws with the threaded end embedded in 
the slab and the head embedded in the dike. 
The slabs were cured 1 day under wet cotton 
mats and under wet sand for 6 days. 


The control cylinders and the beam were 
stored beside the slab under wet burlap for 
24 hr, after which the cylinders were removed | 
from the molds and placed in the fog room 
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ncrete cured 64 Fig. 2—Type IS-A cement concrete cured 


days, shown after 20 cycles of ice removal - 64 days, shown after 20 cycles of ice 


Fig. 3—Type IA cement concrete cured 9 
days, shown after 20 cycles of ice removal 


until tested. The beam was removed from 
the mold at 24 hr and embedded in the soil 
near the slab with the top surface as cast 
flush with the top of the soil. It was cured 
under wet sand 6 days. At the time of the 
first hard freeze, the beam was transferred to 
the laboratory fog room for at least 2 days, 
and was then broken in flexure, using third- 
point loading on an 18-in. span. 


‘FREEZING AND THAWING 


Specimens for each cement were made on 
September 13, September 27, October 11, and 
November 13 so as to be able to study the 


. 


removal 


“TYPE IS-A, 
CURED 9 DAYS . 
zo crcies § beet 


Fig. 4—Type IS-A cement concrete cured 9 
days, shown after 20 cycles of ice removal 


effect of time of placing on the resistance of 
the concrete to the removal of ice with salt. 
It has been reported that some liquids, 
such as ethylene glycol, that are used in de- 
icing airplane wings behave like salts in 
causing scaling of concrete under freezing 
conditions. After the slabs had been made, 
it was decided to include ethylene glycol as a 
deicing agent, along with calcium chloride. 
Accordingly, the two slabs made with the 
cements from Plant A on September 13th 
were deiced with ethylene glycol and those 
made with the other four cements were de- 
iced with calcium chloride. The slabs made 
on September 27th with cements from Plant 
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B and those made October 11th with cements 
from Plant C were deiced with ethylene 
glycol. 

Water was placed to a depth of approxi- 
mately 14 in. on each slab shortly before the 
first freeze was expected. Whenever the 
water was frozen solidly, it was removed in 
the morning by the application of the equiva- 
lent of 2 Ib per sq yd (1.85 lb per slab) of 


calcium chloride or 1/3 gal. of ethylene 


glycol per slab. These quantities of calcium 
chloride and ethylene glycol with the quan- 
tities of ice on the slabs would melt the ice at 
temperatures as low as about 5 F. After a 
few hours, the solution was flushed: from the 
slab and replaced with fresh water. 


At the end of each five cycles of freezing 
and thawing, the degree of scaling of the slabs 
was determined. This was done by placing 
a wire grid, divided into 25 squares, over the 
surface of the slab and estimating the scaled 
area in each of these squares. One square 
equaled 4 percent of the total. Working 
with these small areas permitted rather 
accurate estimates of the amount of scaling. 


The gravel aggregate used in this study 
contained some pieces of chert. Usually, 
the first scaling on these slabs consisted of 
pop-outs over particles of chert or other 
pieces of gravel which were very close to the 
surface. This may be seen in Fig. 1 and 2. 

Since these slabs were covered with water 
prior to freezing and continuously thereafter 
during the period of the experiment, the con- 


crete must have been nearly saturated with 
water very soon after the first freezing. In 
the earlier experiment, Hansen pointed out 
that concrete pavements will rarely, if ever, 
be saturated for periods of several weeks in 
service nor are they likely to receive 25 cycles 
of freezing and thawing in a saturated con- 
dition in one winter. Accordingly, this 
experiment was continued for 35 cycles of 
ice removal so as to make the conditions much 
more severe than could ever be expected in 
service. 


RESULTS 


Scaling at 35 cycles did not exceed 5 per- 
cent on any of the slabs placed in September 
and October and occurred in isolated patches 
over particles of aggregate, as shown in Fig. 1 
and 2. 


All slabs placed November 13 were scaled 
to the extent of at least 40 percent by the end 
of 15 cycles. The first hard freeze occurred 
November 23. The condition of two of these 
slabs at the end of 20 cycles of ice removal is 
shown in Fig. 3 and 4. 


The ages in days at the first freeze for the 
four sets of slabs were 64, 50, 36, and 9, re- 
spectively. 

The average flexural strengths of beams 
cured with the slabs in the field at ages of 67, 
53, 39 and 15 days were, respectively, 600, 
580, 535, and 470 psi for the Type IA cement 


TABLE 1—RESULTS OF PHYSICAL TESTS ON CEMENTS AND MORTARS 


Properties tested Cement 
Cement properties AIA A IS-A BIA BIS-A CIA CIS-A 
Normal Ce ens 24.8 27.6 26.2 26.0 24.6 27.0 
Setting time, hr and min 
Gillmore—Initial 2:40 3:40 3:00 3:15 4:05 3:20 
—Final 6:35 7:00 6:00 6:45 7:10 6:50 
Vicat set 1:40 2:35 1:45 2:00 3:10 2:10 
Passing ee mesh, percent 91.3 97.2 93.0 96.9 92.0 98.2 
am ee, ae 1923 2565 1955 2510 1870 2495 
Air content, percent PA NFaib 19.6 19.3 17.6 18.1 
Properties of ASTM C109 
mortars 
W ‘ t 43.9 44.6 44.6 44.3 44 46.6 
tab asec ears 104 113.5 112 113 107 109.5 
Compressive strength, 
psi 
1765 2117 1893 1994 1725 2642 
; ee 2917 3108 2825 3225 2967 3875 
28 days 4467 5633 4825 6875 


ai . 
*Average of three 2-in. cubes. 
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concrete and 615, 545, 575, and 430 psi for 
the Type IS-A cement concrete. 


The results of this study did not show any 
differences from the standpoint of durability 
of the concrete between the cements from the 
different plants nor between the Type IA 
and Type IS-A cements. Also, no difference 
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could be detected between the action of 
calcium chloride and ethylene glycol. 
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Tabulation for Bar Selection 


By PAUL ROGERS* 


Reinforced concrete design handbooks 
contain tables of areas and perimeters of 
bars (A,, ,) for selection of reinforcing. 


An additional tabulation, giving the ratio of 
2./A, was found very helpful by the writer 
in the immediate selection of the proper size 
bars which satisfy the optimum requirements. 
For A, and &, thus 


2 
ef 


& 


#2 ; 0. 

#3 1.178 0.11 10.70 
#4 1.571 0.20 7.86 
#5 1.963 0.31 6.33 
#6 2.356 0,44 5.36 
#7 2.749 0.60 4.58 
#8 3.142 0.79 4.00 
#9 544 1.00 3.54 
#10 3.990 1.27 3.14 
fl 4.430 1.56 2.84 


Example 1 


Column footing: N = 300 K; column size, 
16 in. square; footing 8 x 8 ft, 22 in. thick; 
d= 18 in; f,’ = 2500; f. = 1125; v = 75 


psi; u = 200 psi; f, = 20,000 psi: 


317.5 
Pmaz = ae 4.96 kips per sq ft 


300 
Patrons = es 4.68 kips per sq ft 


Video = 6.17 x 1.83 * 4.68 
= 52.8 kips 


F 52,800 
12 X 4.34 X 0.866 x 18 
= 65 psi 


Vionad = 3.33 X 8 X 4.68 
124.7 kips 


85 percent = 106 kips 


* ~~ 0.200 X 0.866 X 18 


M = Vione X ie 


= 124.7 X 1.67 
= 206 ft-kips 


= 34 in. 


85 percent = 177 ft-kips 
206 
d (required) = { / —————— 
Grequined yA area eae 
= 11.5 in. 


d (furnished) = 18 in. 
177 


Select #6 bars. 


Use 16 #6 bars (A, = 
7.04; 20. = 37.7). 


*Member American Concrete Institute, Consulting Engineer, Chicago, Ill. 


_ taking on new design assignments. Finally, 


‘ture. Design without designer inspection 0 
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Example 2 Use two #10 bars and one #11 bar. 
. Continuous girder: b’ = 15 in; d = 25 in.; 
t = 28in.; f.’ = 3000 psi; f, = 1350 psi; f. = pee ae 282 32 
20,000 psi; wor = 300 psi; wip = 210 psi; ~ "neg 1 44 x 25 
Moc: = 150 ft-kips; M,-, = 182 ft-kips; V = = 5.05 sq in. 
72 kips. 
A =, 150 fe 4 16 F Date = wa 
Sos 1.44 x 25 ee eae sq 1n. 0.21 x 0.87 x 25 
== iIisye} iin, 
(Othy om 
0 = = TE i _ a) 
Dove = 930 X 087 X25 1 Zn _ 158 
Ayes 4 05 
malic 
as 
Smee _ 11 _ 9 67 
Agios 4.16 Select #10 bars; use four #10 bars. 


No Design Without Inspection 


Almost daily we hear of poor construction performance because of in- 
adequate inspection. Such failures occur despite good designs and the 
availability of ACI recommended practices and the ACI Manual of Con- 
crete Inspection. Committee workers who prepare these guides for obtain- 
ing good results with concrete realize that their efforts are effective toward 
that end only as their recommendations are carried out and confirmed by 
forthright inspection. Such inspection must be interpreted in the broadest 
sense, embracing the full range of authority, from management policy 
through design and field engineering, to the shift inspector. ACI Committee 
611, Inspection, appreciates permission to reprint the following editorial 
which appeared in the Nov. 21, 1957 issue of Engineering News-Record. 


Field inspection should be a part of every design contract. That it is not, is a cause for 
concern since many troubles—and some failures—could have been avoided if engineers had 


been present to insure that their designs were not misinterpreted. 


None of the reasons that have been advanced for not doing the field inspection on his own 
designs seems strong enough to justify an engineer’s risking his reputation by following such a 
course. If an owner won’t pay reasonable inspection costs or insists on inspection by someone 
else, even after the dangers of such actions are explained, then the design contract can be 
refused. If the designer doesn’t want to be bothered with field inspection, he will be extremely 
fortunate if he isn’t bothered by more unpleasant duties as a consequence. If his office work 
keeps him too busy, he should give first preference to his field-inspection obligations before 
if an owner argues that contractors won't take a 


job that is under an engineer’s supervision, that job, too, can be refused. 


Experience has shown that it is folly to assume that engineering drawings are so perfect 
that the designer’s wishes can be followed without guidance. Many a job has gone wrong be- 
cause the designer was not there when the lines he put on paper were translated into a struc- 
f construction is a hazard that need not and should 


not exist. 
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Prellems and Practices 


A series relating to “down-to-earth, every- 
day’’ concrete problems which attempts to give 
brief answers to the more common (and some- 
times uncommon, too) questions asked about 
concrete design and construction practices. 

To some, the answers will seem simple and 
obvious; others may prove controversial. 

All ACI members are invited to partictpate— 
either by submitting an inquiry, or even better, 
by telling JOURNAL readers how an intriguing 
problem was solved. It may well be that readers 
will be able to suggest more practical solutions 
than those presented. 


Q. What kind of concrete is suitable for 
lining sluiceways carrying water-borne indus- 
trial wastes? 

A. The sluiceway at the Rouge Plant 
Foundry, Ford Motor Co., Dearborn, Mich., 
(shown here in cross section) effectively with- 
stands abrasion from waterborne cupola 
slag and dust, discharged at a constant driv- 
ing pressure of 60 psi. 

Several hundred lineal feet of these sluice- 
ways are in operation 16 hr a day, 5 days a 
week. Designed by Ford engineers, the 


& SLUICE —~v 
kf 5'4+—$ 2-0-1}. — (3 f—+4e-8" 


paid. eS he 


Z 


rs 


sluiceways have given 6 years of trouble-free 
service. Water jets are spaced at 10-ft 
intervals. 

Sluiceway surfaces are made by vigorously 
raking and grooving the structural base, soon 
after it is cast. Immediately following the 


raking, the vertical and horizontal areas are 
given a slush coat of portland cement and 
water. A low water ratio concrete mix of 
Cortland emery aggregate and portland ce- 
ment is then applied and tamped in place to 
a thickness of 1% in. 

Maintenance has been confined to a few 
isolated points where the initial blasts from 


the jets occur. 
+ whe 


Q. The use of control joints in concrete 
block walls to prevent shrinkage cracking is 
described in the paper “‘Control Joints Regulate 
Effects of Volume Change in Concrete Ma- 
sonary,’’ ACI Journat, July 1957, Proc. V. 
54, pp. 59-70. Are there any similar recom- 
mendations available for use of joint reinforce- 
ment instead of control joints? 


A. The phrase “instead of control joints” 
dictates the answer which is no. The auth- 
ors of the paper in question make definite 
recommendations for use of joint reinforce- 
ment together with control joints, but feel 
that it would be uneconomical to use sufficient 
reinforcement to eliminate the need of con- 
trol joints, except in special design for earth- 
quake, hurricane, or blast resistance. They 
do advise joint reinforcement for panels (1) 
containing intermediate weak spots like 
door or window openings, (2) under severe 
exposure such as parapets, or (3) designed for 
unusual lateral loads such as_ hurricane, 
blast, earthquake, or as heavily loaded re- 
taining walls. This reinforcement is in- 
tended merely to hold the panel together 
between control joints. Spacing of control 
joints is not intended to be increased with 
use of ordinary amounts of such reinforce- 


ment. Note the long-standing recommenda-— 


tion of the Portland Cement Association for 
use of control joints even in monolithic con- 
crete walls with minimum (14 percent) tem- 
perature reinforcement, 50 percent of which 
is to be cut at the joints. 


The only condition under which generally 
accepted practice would endorse omission of 
control joints in a concrete wall is under pre- 
stress, most common for circular tank walls. 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Bridge structures on the automobile 
highway Ljubljaba-Zagreb (in Slavo- 
nian) 

S. Lapasne, Gradbeni Vestnik (Ljubljana), V. 8, No. 


- 47-50, 1956-57, pp. 151-158 


Reviewed by J. J. PouivKa 


Standard bridges are discussed, especially 
their economy compared with new bridge types 
in reinforced and prestressed concrete and 
with recently developed structural types, as 
e.g. flat slabs, long span slabs with two main 
girders without cross beams, etc. 


On the design bending moment of 
highway beam bridge 
M. Narvoxa and H. Yonnzawa, Proceedings, 6th 
Japan National Congress for Applied Mechanics 
(Tokyo), 1956, pp. 165-169 
AppLirp Mrcuanics REVIEWS 
Apr. 1958 (C. P. Siess) 
Simplified approximate expressions for de- 
sign moments in slab and beams of slab-and- 
beam highway bridges are based on analyses 
by theory of orthotropic plates. Different 
expressions are given for moments in edge and 
interior beam and for bridges with and with- 


out diaphragms or cross beams. 


Construction of reinforced concrete 
balanced cantilever bridges over the 
Dhela River in U. P. ; 


M. C. Jonorry, The Indian Concrete Journal (Bom- 
bay), V. 32, No. 4, Apr. 1958, pp. 106-110 

Describes the design, details, and construc- 
tion of two new reinforced concrete cantilever 
bridges. Interesting features included pre- 
packed concrete in the piers using colloidal 
grout and the use of reinforced concrete roller 
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and rocker bearings instead of steel. Due to 
the excessive cost and slow delivery of such 
hardware in India, the bearings chosen were 
found to be cheaper and incidentally much 
lighter than the steel bearings generally used. 
The paper includes a complete description of 
these bearings, design calculations, and struc- 
tural detail drawings. 


Strength of right prestressed concrete 
slab bridges with edge beams 


G. C. Reynoups, Magazine of Concrete Research (Lon- 
don), V. 9, No. 27, Nov. 1957, pp. 141-144 
AuTHOR’s SUMMARY 
Two small prestressed concrete slab bridges 
with edge beams have been tested to failure 
under single concentrated loads, and the 
results are in close agreement with those 
predicted by the yield line method of analysis. 


Construction 


Torsional instability and the use of the 
Cruciani centering in the construction 
of long arches (L’instabilité a la 
torsion et l'emploi du cintre Cruciani 


dans la construction des grands arcs) 


Fro Cructant, Travaux (Paris), V. 42, No, 280, 
Feb. 1958, pp. 143-148 


AvuTHOR’s SUMMARY 

The Cruciani type of centering, consisting 
of two laminated timber chords with timber 
diagonal members, secured by a system of 
threaded steel tie-rods with bolts, can be 
advantageously used for the construction of 
long spans. In the present article the torsional 
stability of the centering is investigated with 
the aid of an approximate method. The 
author then describes its application to the 
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centering for the Varése bridge, with a theoret- 
ical span of 101 m, a rise of 29.2 m, and a 
width of 12.5 m. 


Tunnel linings 
Ouiver Dawson, Transactions, Institution of Civil 


Engineers of Ireland (Dublin), V. 83, 1957, pp. 17-32 

Discusses the advantages of cast-in-place 
concrete, bolted cast iron, or precast block 
tunnel linings. Ten references to British 
literature. 


Economical use of construction ma- 
chinery in building (Wirtschaftliche 
Verwendung von Baumaschinen im 
Hochbau) 


Geruarp ACHTERBERG, VDI Zeitschrift (Disseldorf), 
V. 99, No. 18, June 21, 1957, pp. 790-796 
Reviewed by Aron L. Mirsky 
This paper concerns material elevators, 
skips, cranes, buggies, and similar equipment 
for the handling of materials, and concrete 
mixers. 


Economical roof constructions of 
wood, steel and reinforced concrete 
for dwelling construction (Wirtschaft- 
liche Dachkonstruktionen aus Holz, 
Stahl und Stahlbeton fiir den Wohn- 
hausbau) 
Geruarp Braun, VDI Zeitschrift (Diisseldorf), V. 99, 
No. 18, June 21, 1957, pp. 783-789 
eviewed by Aron L. Mirsky 

Well illustrated study of comparative costs 
of peaked roofs. Conclusion: the wood roof is 
still cheapest; cost of wages, rather than cost 
of materials, is currently the decisive factor 
in the case of precast concrete structural 
roofing elements, but these offer promise for 
the future. 


The most desirable construction ma- 
terial for building (Die wichtigsten 
Baustoffe fiir den Hochbau) 


Wavrer Avurecut, Kart Eaner, and Gustav Wer, 
VDI Zeitschrift (Dusseldorf), V. 99, No, 18, June 21, 


1957, pp. 797-803 
Reviewed by Aron L. Mirsky 


Stone, mortar, concrete; steel, reinforced 
concrete; wood and timber products; plastics 
—all are discussed and compared. 

This and the two preceding papers form a 
good survey of European (German) construc- 
tion today, and the trend of thought for the 
future. While direct, immediate applicability 
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to American construction is problematical, 
there is material for thought. 


Design and construction of the printing 
works at Debden—Discussion 
The Structural Engineer (London), V. 35, No. 4, Apr. 


1957, . 156-161 
”" ; Reviewed by C. P. Sress 


Discussion of paper in The Structural Engi- 
neer, V. 34, No. 4, Apr. 1956 (see “Current 
Reviews’’ Feb. 1957, p. 812). Concerns ten- 
don profile in prestressed arch, edge supports 
of shell roof, precasting techniques, contract 
administration, ete. 


Deep space truss gives plant room for 
air equipment 
Engineering News-Record, V. 160, No. 19, May 8, 1958, 
pp. 46-48 

Column-free areas desired by Texas In- 
struments, Inc., for its two-story Dallas plant 
were obtained with a hyperbolic paraboloid 
concrete roof and a concrete space truss 
between first and second stories. The story-. 
high truss—consisting of precast concrete 
diagonals, the second-floor slab, and the first- 
floor ceiling slab—provides a plenum with 
room for ducts and air handling equipment. 


Precast concrete elevator 
Concrete, V. 66, No. 3, Mar. 1958, pp. 32-33 


Describes and pictures design and construc- 
tion of a precast concrete silo 40 ft high with 
inside diameter 18% ft. The walls were cast 
in six full-length elements, one upon the other, 
the first being cast upon shaped earth as a 
form. The flat roof, including upturned beams, 
was cast in three segments. Plastic sheets 
placed upon each slab were used as bond 
breakers. The units were joined together 
by bolts in steel clip angles and sealed with 
rubber strips full length. 


French projects in South Africa 
French Economic and Technical Bulletin, No. 11, 1957, 
pp. 14-16 

Describes a standardized construction 
method for building thin shell reinforced 
concrete water-cooling towers. The structures 
are about 328 ft high, hyperbolic in profile, 
with diameters from 118 ft at the neck to 197 
ft at the base. 
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Example of a large-space structure in 
reinforced concrete and its analysis 
(in Croatian-Serbian) 
eat ad Ceo (Belgrade), V. 12, 
Reviewed by J. J. PotivKa 
Structure spanning 150 ft, 42 ft clearance, 
with long overhangs and balconies was de- 
signed by the author for the Belgrade Fair. 
In this connection, various structural types 
were investigated as to their illumination, 
economy and other conditions. The effect 
of butterfly shape frames, spaced 30 ft, and 


_ natural illumination through slightly curved — 
- roof surfaces and vertical glass walls is valu- 


able contribution to the esthetics of the 
building. Structure was built with 3.3 cu ft 
concrete, and 4.6 lb steel per sq ft. 


tower at Caen-LaGuériniére 
(Réservoir de La Guériniére 
A. Darpe, Travaux (Paris), V. 42, No. 280, Feb. 1958, 
pp. 125-130 
AUTHOR’s SUMMARY 

The water tower at Caen-La Guériniére 
presents a highly original solution of the 
esthetic treatment of water towers. The 
structure comprises, in addition to the tank 
of 3000 cu m capacity, a covered market and 
administrative offices. It consists of vertical 
reinforced concrete diaphragms intersecting on 
the axis of the structure. These carry con- 
erete shells which form the walls of the tank 
and the roof of the covered market. 


Construction Techniques 


Concrete curing time reduced by 
means of electric current (in Polish) 
T. Laromski, Przeglad Budowlany (Warsaw), No. 10, 


1956, pp. 423-424 
PoxisH TECHNICAL ABSTRACTS 


No. 4 (28) 1957 

Research over reducing concrete curing 
time by means of electric current has been 
carried out at the Building Organization and 
Mechanization Institute. The item tested 
was a flight of stairs having a volume of 
concrete amounting to 0.33 cu m. The ex- 


‘ternal temperature during the heating process 


was —5 C, the maximum temperature of 
heating up to 70 C. A single 16-hr heating 
process was applied. The reinforcement con- 
stituted one electrode, surface electrodes 


comprising the other. The maximum voltage 
applied was 100 V. Forms were removed 
when the temperature of the concrete in the 
structure reached about 25 C. Total con- 
sumption of electric energy was 21 kwh, which 
corresponds to an average consumption of 63 
kwh per cum. Heating by means of electric 
current in this case proved cheaper than steam. 


Quality control of concrete 
J. M. Fisuer, International Civil Engineer and Con- 
ipacien (London), V. 10, No. 2, Mar.-Apr. 1958, pp. 44- 
Discusses quality control of concrete con- 
struction in pavements for roads and airfields. 
Particular emphasis is placed upon the prob- 
lems of uniform compaction to secure uni- 
form field density of the concrete and thereby 
to permit finishing to close tolerances for im- 
proved riding qualities in the pavement. The 
control of formwork and construction prac- 
tices and equipment required for finishing 
and testing finish are discussed. 


Resistance of concrete pumped through 
pipelines 
A. N. Epvr, Magazine of Concrete Research (London), 
V.9, No. 27, Nov. 1957, pp. 129-140 
AUTHOR'S SUMMARY 

An investigation of the basic mechanics of 
concrete pumping. Unsaturated materials 
pass stresses by interparticle contact and give 
rise on commencement of movement to a 
pressure build-up which in a nontapering duct 
is exponential with distance pumped. Ade- 
quate saturation by water-cement paste re- 
duces the resistance to a favorable linear type, 
subject to increase with velocity, but inde- 
pendent of operating pressure. 


Test of holding strength of form an- 
chors embedded in concrete placed 
and cast at reduced temperatures 
Rautex A. Benpinenir, Technical, Report No. 6-473, 
U.S. Army Engineer Waterways Experiment Station, 
Vicksburg, Miss., Feb. 1958, 13 pp., $0.50 

AUTHOR’S SUMMARY 

Tests were made to determine the shear 
resistance or holding strength of form anchors 
placed in concrete mixed and cured at re- 
duced temperatures (45-50 F). 

Four mass (6-in. maximum size aggregate) 
concrete blocks were cast-and cured in a tem- 
perature-controlled_ room, and six 18-in. 
and sixteen 24-in. form anchors were em- 
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bedded in the blocks and tested at an age of 
72 + 4hr. One of the blocks contained a 30 
percent replacement (by solid volume) of 
the portland cement with fly ash. 

The results indicate that adequately de- 
signed anchors of either length will, under 
the test conditions used, provide resistance 
at 3 days age in excess of normally expected 
loads even though the concrete has a cement 
content as low as 2.5 bags per cu yd and is 
placed and cured at reduced temperatures. 
The use of fly ash as a replacement material 
reduced the holding power of the anchors 
appreciably, but not below a safe level. 


Seismic vibrations on the dams (Le 
axion sismiche sulle dighe) 


Francesco Peuta and Guimio Supuio, Giornale del 
Genio Civile (Rome), V. 95, No. 7, 8, July, Aug. 1957, 
pp. 499-517 


Reviewed by Joun I. PRELEz 
The authors examine the effect of externally 
caused vibrations on the design of concrete 
dams, and the point at which the action factor 
should be considered as dangerous. They 
comment on the design of different dams; 
theory of Westergaard is also discussed. 


New theory for the design of thin 
shells carrying load in the longitudinal 
as well as the transverse direction 
(Théorie nouvelle de calcul des voutes 
autoportantes) 
J. Barers, La Technique Modern-Construction (Paris), 
V. 12, No. 8, Aug. 1957, pp. 236-239; No. 10, Oct. 
1957, pp. 309-312 
Reviewed by ALexanprER M, Turrrzin 

Purpose of the article is to present a simpli- 
fied flexure theory of parabolic roof shells 
without resort to complex calculations used 
in the design of thin shells by the so-called 
membrane theory. The new theory leads to a 
redistribution of shear stresses and a reduction 
of transverse moments usually neglected in the 
analysis by the membrane theory. Transverse 
moments are computed for a single parabolic 
shell, for multiple shells, and for shells with 
vertical and horizontal stiffening girders placed 
along longitudinal edges. The author believes 
that a simplified theory is necessary at the 
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present time, since the application of the 
membrane theory is too involved and time- 
consuming for a structural designer. 


Determination of the deflection at 
midlength and the required moment of 
inertia of flexural members of arbi- 
trary type (Bestimmung der Mitten- 
durchbiegung und des erforderlichen 
Tragheitsmomentes bei Biegestaben 
beliebiger Tragwerke) 
M. Scuineis, Der Bauingenieur (Berlin), V. 32, No. 5, 
May 1957, pp. 169-172 
Reviewed by Aron L. Mrrsxy 

Usual (elementary) formulas for deflection 
can be written, after some manipulation, as 
functions of the bending moment, span, and 
two coefficients a and B: 


Treg’a =e: a: Ml 


=B- MI 
Sactual = @* MIE/I 
6 
actual = &@* MI/I 


l 
where ¢ = —. 
nea 


This interesting paper presents an extensive 
tabulation of bending moment diagrams and 
values of a and 8 (in metric units) for single 
spans with various types of loading and sup- 
port conditions and of four materials (steel, 
aluminum, reinforced concrete, and timber). 
Examples of the use of these tabulated values 
in the analysis of more complicated structures 
are given: a continuous girder, a portion of a 
multistory building frame, a two-hinged rigid 
frame, and a single-span girder with variable 
moment of inertia. 


Design of masonry walls for blast 
loading 
ai Br daria & Gary fypeeedines, ABC, V. 
AvutHors’ SUMMARY 
The arching action theory of masonry walls 
is applied to the problem of blast resistant 
design. Based on this theory, an equation of 
motion is developed for a masonry beam of 
solid cross section restrained by essentially 
rigid supports. This equation is solved for a 
simplified but realistic form of blast loading. 


CURRENT REVIEWS 905 


The results obtained permit either the design 
of a wall for a given loading or the determina- 
tion of the maximum loading which a given 
wall can withstand. The theory is extended 
by an approximate method to wall panels 
supported on four sides. Comparison is 
made with test data for walls subjected to 
full scale atomic and high explosive blasts. 


A method of design of reinforced 


concrete sections 
Panaciotis D. Mouniot1s, Proceedings, ASCH, V. 84, 
ST 1, Jan. 1958, pp. 1509-1—1509-25 
AUTHOR’s SUMMARY 

A general solution is given of the calculation 
of any section of reinforced concrete with an 
axis of symmetry, eccentrically loaded, by the 
use of computation formulas of the rectangular 
section and coefficients defined in terms of the 
statical moment and moment of inertia of the 
compressed area of concrete. 


Vibrating bodies with several degrees 
of freedom (Schwinger mit mehreren 


Freiheitsgraden) 


Euan Donincx, Der Bauingenieur (Berlin), V. 32, 
No. 5, May 1957, pp. 165-169 


Reviewed by Arnon L. Mirsky 

Two topics in undamped harmonic vibra- 

tions are studied with the aid of the “equiv- 

alent static load”: (1) the characteristic fre- 

quency in free vibration, and (2) the stresses 
in forced vibration. 


Some experiments on the applicability 
of the principle of superposition to 
the strains of concrete subjected to 
changes of stress, with particular 
reference to prestressed concrete 
R. D. Davins, Magazine of Concrete Research (London), 
V. 9, No. 27, Nov. 1957, pp. 161-172 
AUTHOR'S SUMMARY 

The paper describes experiments to test the 
validity of McHenry’s hypothesis that the 
principle of superposition can be applied to 
the strains, including the creep strains, of 
concrete subjected to changes of stress. It is 
concluded that, although the hypothesis is by 


no means strictly correct, it is nearer the 


truth than the assumption that change of 
strain is proportional to change of stress. The 
application of the hypothesis to prestressed 
beams under sustained loads is considered 
with reference to the distribution of stress on 


a, cross section and to bending. 


Estimation of the critical loads of 
certain frameworks 


H. G. Auten, The Structural Engineer (London), V. 35, 
No. 4, Apr. 1957, pp. 135-140 
Reviewed by C. P. Srass 

Describes method of ‘‘successive substitu- 
tion”? in which members are removed one by 
one, starting at an extremity, and the prop- 
erties of the remaining members are modified 
so that the joint stiffnesses in the remainder 
of the truss are unaltered. Process is repeated 
until only one modified member or group of 
members remains. If these are stable, the 
original framework is stable. For continuous 
beams, plane braced frameworks, Vierendeel 
girders, symmetrical single bay multistory 
building frames, and similar structures, this 
method is claimed to be easier to apply than 
other methods such as condensation of de- 
terminants or moment distribution. 


Savings to be effected by the more 
rational design of cased stanchions as 
a result of recent full-size tests— 
Discussion 

The Structural Engineer (London), V. 35, No. 4, Apr. 


1957, pp. 148-155 
Reviewed by C. P. Simss 


Discussion of paper by Oscar Faber in 
The Structural Engineer, V. 34, No. 3, Mar. 
1956, pp. 88-109 (see “Current Reviews” Mar. 
1957, p: 912). This paper, describing ex- 
tensive tests and recommending a new British 
design formula for composite columns, re- 
ceived extensive discussion relating to practi- 
cal problems of construction, load transfer 
from beams to columns, and to the ap- 
propriateness of the design formula proposed, 
especially for slender colunns. 


Effects of wall deformations on floor 
slab loads and floor slab deformations 


in multistory houses (in Swedish) 
Henrix NypANpER and Ernar Erikson, Nordisk Be- 

tong (Stockholm), V. 2, No. 1, 1958, pp. 91-110 
Reviewed by Marcaret CoRBIN 
Load distribution is analyzed for three- 
story and six-story structures, Tests were 
conducted at the Royal Institute of Tech- 
nology, Stockholm, on lightweight walls sub- 
jected to short-time loads and on brick 
masonry wall piers, subjected to long-time 
loads. The portion of the total ground floor 
load transmitted by non-underpinned light- 
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weight walls varied from 2 to 11 percent. 
When the lightweight walls were underpinned, 
they transmitted 15 to 30 percent of the total 
load. The risk of crack formation in light- 
weight walls becomes much greater if the 
direct underpinning of these walls by the 
floor slab decreases or is partly neutralized, 
i.e., owing to large deformations of the slab. 
In unfavorable cases the force acting on the 
lightweight walls caused the load on the 
lowermost floor slab to become twice as great 
in the three-story buildings and three times 
as great in the six-story buildings. 


Influence of the tension ring on the 
analysis of water tanks and sewage 
towers (Der Einfluss des Zugringes auf 
die Berechnung von Wasserbehaltern 
und Faultiirmen) 
Joacuim Born, Der Bauingenieur (Berlin), V. 32, No. 
5, May 1957, pp. 157-161 
Reviewed by Aron L, Mrrsxky 

Several numerical examples involving a 
cylindrical tank with a conical shell roof are 
used to show that a tension ring (which may 
be shaped to double as a transition zone from 
cone to cylinder) has a considerable and de- 
sirable influence stresswise. Methods of 
handling prestressing, or of including effect 
of flexural stiffness of the ring, are also in- 
dicated. (For a correction to Table I of this 
paper, see issue of July 1957, p. 284.) 


New application of the polygonal 
vaults theory in the computation of 
arbitrary cylindrical shells (in Polish) 
W. Zacewsk! and J, Krzeminski, Inzynieria i Bu- 
downictwo (Warsaw), No. 3, 1957, pp. 137-146 
Pouisu TecunicaL AnsTRacts 
No. 3 (27) 1957 
A polygonal vault inscribed into a curve of 
the transverse cross section is computed by 
two simplified methods which take into ac- 
count the rigidity of boundary elements. The 
first method consists of a system of equations 
of the continuity of the transverse cross section 
_ with unknown values of the edge moments 
(the starting point here is the equation of 
three normal stresses acting along three neigh- 
boring edges). The number of equations cor- 
responds to the number of edges. With the 
second method, the unknown values in the 
system of equations represent the displace- 
ments of the individual polygonal vault in 
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their plane. The ultimate result is obtained 
by a system of linear equations representing 
the relation between total forces causing 
actual unknown displacements and external 
loading forces. 


Statics of reinforced concrete shells of 
cooling towers (in Polish) 
J. Lepwon, Inzynieria i Budownictwo (Warsaw), No. 
3, 1957, pp. 101-107 
Pouisnu Tecunicat ABSTRACTS 
No. 4 (28) 1957 
Shells used as exhaust ducts of cooling 
towers fulfill conditions enabling the adoption 
of the momentless shell theory. The effect of 
a support or rigidity of the shell is regarded as - 
disturbance of the boundary conditions. Hy- 
perboloidal shells are computed for the indi- 
vidual horizontal cross sections. Thus are 
avoided difficulties in the computation, arising 
from a continual change in the shell thickness. 
The computation of internal forces, due to 
dead load, is based for all types of shells on the 
application of common equations of equi- 
librium. Thermal effects are taken into con- 
sideration only as irregular heating of the 
wall, with a difference in the temperature of 
the medium amounting to 50 C. 


Pin-ended gabled frames 
J. Cutnn, Proceedings, ASCE, V. 83, ST 5, Paper 1353, 
Sept. 1957, 13 pp. 
Apptiep Mecuanics Reviews 
Apr. 1958 (P. Csonka) 
Paper presents a method suitable for the 
calculation of one- or two-span pin-ended 
gabled frames. The new method applies co- 
efficients known from the moment-distribution 
method and formulas used in the slope-de- 
flection method. In case of one-span frames, 
the solution of the problem claims for the 
solving of one, or in case of two-span frames, 
of three simultaneous equations. 


Industrial floor slabs: 
construction 


J. L. Staunton, Architectural Record, V. 123, No. 5, 
May 1958, pp. 245-249, 326, 330, and 334 


design and 


A survey in the January Architectural Record 
indicated that difficulties with industrial slabs 
on grade are widespread. It also indicated 
types of failures which occur, and prevailing 
practices in design and construction. This 
paper discusses some of the various slab prob- 
lems and presents a step-by-step procedure 


ce Wg 
=e 
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for more satisfactory design and construction. 
A rational design method is recommended in 
designing for industrial truck loads. Design 
formula and construction methods recom- 
mended by ACI Committee 325 and the 
Portland Cement Association are suggested. 


Calculus regarding the breaking point 
of a bridge structure with rigid arch 
(Il tema di calcolo a rottura. Risultati 
sperimentali relati ir ad una struttura 
da poute a volto irrigidita.) 
Virrorio SorGENTE, Giornale del Genio Civile (Rome), 
V. 95, No. 12, Dec. 1957, pp. 1099-1109 
Reviewed by Joun I. PRELEZ 
Testing the failure point of a concrete slab 
bridge supported by a concrete shell type 
arch. The author presents with clear dia- 
grams, calculations, and pictures the different 
reactions and moments occurring in the top 
concrete slab and the lower concrete arch 
structure under different weights until reach- 
ing the collapsing point. 


Design of catenary and paraboloidal 


membrane roofs 
S. Srvaswami, The Indian Concrete Journal (Bombay), 


V. 32, No. 2, Feb. 1958, pp. 41-45 and p. 68 

Derives a method of analysis and shows 
design example for a low cost individual shell 
house. The construction method is described 
and a brief specification supplied. The shell 
consists of an inner shell of plain concrete 
2 in. thick with a 3-in. double air gap and an 
outer shell of 114 in. of cinder concrete. The 
outer concrete layer is waterproofed and ap- 
parently no conventional roofing is required. 


Calculation of a wall-type girder ac- 
cording to the composite method 
(in German) 


W. Vatentin, Beton-und Stahlbetonbau, (Berlin) V. 
52, No. 8, Aug. 1957, pp. 176-182 


‘Apptiep Mrcuanics REVIEWS 

May 1958 (Foppl) 
For the sake of calculating a wall-type 
girder, the wall is cut in parallel strips, which 
are computed by the simple-beam theory. 


The beams must pass without open space and 


without a spring of the stresses in the inter- 
sections. These conditions require loads for 
the beams and shearing stresses in the inter- 
sections. The method is illustrated by some 


examples. 


Vibration of cylindrical shells 
K. Hext, Journal of the Institute of Polytechnics (Osaka), 
Series F, Architecture; V. 1, No. 1, Nov. 1957, pp. 1-36 
Presents an approximate solution for the 
vibration of cylindrical shells. Develops the 
theory, compares the results to more exact 
theories, and concludes that the approximate 
theory presented is sufficiently accurate for 
practical purposes and more appropriate due 
to its simplicity. 


Precise method of moment distribution 
A. BE. Houtpaway, Concrete and_Constructional Engi- 
neering (London), V. 53, No. 2, Feb. 1958, pp. 73-78 

Presents a single cycle method of moment 
distribution. The method differs only slightly 
and lacks the clarity of the method which ap- 
peared in the paper “A Precise Moment 
Distribution Method” by J. A. Wise in the 
Nov., 1938 ACI JourRNAL (Proc. V. 35 
pp. 93-112). 


Materials 


Heavy media separation boosts gravel 


value 
I. §. Tuyue and C. E. Gorson, Rock Products, V. 61, 


No. 5, May 1958, pp. 126, 130, 132, 167, 168 

Describes the heavy media separation proc- 
esses now in use with cost figures for operation. 
In particular brings out economies possible 
in the concrete mix when using the higher 
quality aggregate. 


Methods for rating concrete water- 
proofing materials 

F. KocaTaskin and E. G. SwENSON, ASTM Bulletin, 
No. 229, Apr. 1958, pp. 67-72 

In an-attempt to develop reliable test meth- 
ods for evaluating the effectiveness of concrete 
waterproofers, it was found that a combina- 
tion of saturated and unsaturated permeabil- 
ity tests is necessary, the latter covering more 
than one humidity condition. 

The materials tested showed to no advan- 
tage in the saturated permeability test. How- | 
ever, this test may have some merit where 
filler-type or pozzolanic admixtures are used. 
The unsaturated permeability test appeared 
to make clear distinction between certain 
types of waterproofings and could be related 
to certain field situations. The capillary ab- 
sorption test gave a good indication of the 
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over-all effectiveness of waterproofings in 
cases where concrete is subjected to short 
periods of contact with moisture, with inter- 
mediate drying intervals. 

The water repellent and bituminous ad- 
mixtures showed up favorably in all the tests 
except the saturated permeability test. The 
calcium chloride admixture showed no bene- 
ficial effects in this study, apparently because 
the cement used did not respond to the usual 
accelerating action of calcium chloride on 
hydration. 

The cement-base paints provided varying 
degrees of benefit when painted on the side of 
the specimen subjected to wetting. The 
silicone application had a significant influence 
on moisture flow. 


New plant for calcium aluminate ce- 


ment 
Cement and Lime Manufacture (London), V. 31, No. 2, 
1958, p. 29 
Reviewed by R. P. VELLINES 
Thumbnail description is given of plant 
erected at West Thurrock, Essex, England, 


for manufacture of a new white calcium- 


aluminate cement with an alumina content 
over 70 percent and iron compounds and 
silica impurities less than 1 percent. In addi- 
tion to its refractory properties, the new 
cement will have same rapid hardening and 
corrosion resistance properties as high alumina 
cement. Oil-fired rotary kiln is lined with 7 
in. of refractory concrete in its cooler sections; 
in the hot zone, 2 in. of insulating aggregate 
was placed against the steel shell and 5 in. of 
pure fused alumina was cast integrally with it. 


Concrete aggregate examination by 
prolonged copper-nitrate staining test 
L, Dorar-Mantvant, Bulletin of the Geological Society 
of America, V. 68, No. 12, Part 2, p. 1717, Dec. 1957 
Hieuway Researcu Ansrracrs 
May 1958 
Applied over night the copper-nitrate stain- 
ing test commonly used for distinction be- 
tween calcite and dolomite not only provides 
means for identification of carbonate rocks or 


_ carbonate constituents and secondary carbon- 


ate products in silicate rocks, but helps to 
make the impurities in carbonate rocks, es- 
pecially clayey material, much more visible. 
In addition, in argillaceous rock types sus- 
pected of being harmful in concrete, scaling, 
splitting and/or cracking are developed be- 
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cause of expansion. The effect of the test 
in this respect is analogous to the sodium or 
magnesium sulfate soundness tests widely 
used in the appraisal of concrete aggregates, 
but the former test requires a much shorter 
time to reveal some of the weak properties in 
certain rocks. 


Attack on refractories in the rotary 
cement kiln 

Reprinted from Transactions of the British Ceramic So- 
ciely, V. 56, No. 5, May 1957, pp. 237-258, by — 


Commonwealth Scientific and Industrial Researc’ 
Organization, Melbourne 


Part 1—Physical and mineralogical changes 
S. M. Brissane and E. R. Seenrr, pp. 237-252 


Part 2—The section C.S-M.S-C;A; of the system 


CaO0-MgO-AI.O;-SiO» 
E. R. Seenir and J. H. Wermovurn, pp. 253-258 


The mineralogical changes occurring in 
magnesite-chrome and high-alumina refrac- 
tories in the clinkering zone and in a siliceous 
firebrick in the calcining zone of a rotary 
cement kiln are studied. Some optimum 
conditions for the formation of a clinker 
coating are inferred. Large increases in the 
coefficient of thermal expansion were noted, 
which in the case of magnesite-chrome re- 
fractories appear to be associated with 
cracking. 


Concretes containing blended  re- 
ground portland cement (in Russian) 
A. V. Vouzuensky and L. N. Popoy, Beton ¢ Zhelezo- 
beton (Moscow), No. 3, Mar. 1958, pp. 88-93 

Reviewed by D. Warsrrrx 

Experiments were performed with reground 
portland cements in the interest of reducing 
the coarser fraction of the cement (over 30 
microns) which is said to account for 35 to 40 
percent of the total weight of cement. It was 
observed that when such abrasive substances 
as quartz sand, slag, granite, and limestone are 
added to portland cement in amounts of 30 
percent or more and the blend is reground in 
ball mills, the resulting binder is equal to or 
superior to the original portland cements. The 
comparative strengths were obtained for both 
mortars and concretes moist cured for 28 
days. 

Particularly favorable results were ob- 
tained for blends containing quartz sand 
(with impurities of less than 10 percent) and 
blast furnace slags. It was estimated that for 
water-cement ratio of 0.5 to 0.65, 1 ton of the 
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original portland cement yielded 1.35 to 1.5 
tons of the reground blended cement of equal 
For con- 
cretes having a lower water-cement ratio, the 
“equivalent-cement’’ value increased to 1.5 
to 1.8 tons for each ton of original cement. 

The article contains tabulated data for 
blends ranging from 0.70:0.30 (portland 
cement admixture) to 0.15:0.85. Results on 
both moist cured and autoclaved concretes 
are reported. 


Ten years of progress in gravel benefi- 
ciation—1948 to 1958 

Wii L. Price, Circular No. 71, National Sand and 
Gravel Association, Mar. 1958, 19 pp. 

Four different beneficiation processes— 
heavy media separation, jigging, rising cur- 
rent classification, and elastic fractionation— 
have been introduced for the removal of soft, 
unsound, and otherwise objectionable par- 
ticles of gravel. The development of each 
process in the sand and gravel industry is 
described in detail. 


Properties of cement containing larger 
amounts of alumina and ferric oxide 


(in Japanese) 


Toxusi YAMANE, Semento Gijutsu Nenpo, No. 3, 1949, 


pp. 96-103 
Crramic ABSTRACTS 
May 1958 (Y. Suzukawa) 


Cements containing 6.4 to 6.6 percent 
Al,O; and 5.0 to 5.3 percent Fe,O3 were pre- 


pared. Their physical properties are com- 


pared with those of ordinary portland cement. 


Considerations relative to standards 
and qualifications of portland cement 
based on standard tests (in Spanish) 
Janos Magasrevy, Revista del Colegio de Ingenieros de 
Venezuela (Caracas), No. 261, Dec. 1957, pp 4-12 
Reviewed by JosurpH J. WADDELL 
The author discusses the chemical composi- 
tions of cement, pointing out that cements 
with identical chemical composition may have 
different properties. Owing to these differ- 
ences, the standards generally do not define 
the mineralogical composition of cement, 
instead they are limited to the content of 
minor components such as SO, and MgO. 
The importance of gypsum is discussed. 
Tests are described which demonstrate that 


small variations in the gypsum content sub- 


stantially change the mortar strength depend- 


ing on the mineralogical composition of the 
clinker. Fineness is important, but the finest 
ground cement is not the best in all cases. 

Present standards of the different specifica- 
tions concerning the control of hardening are 
divided into two groups, those with damp 
mortar made with uniform sand, and plastic 
mortar made with graded sand. These tests 
are discussed. 

The importance of contraction, especially 
of high quality concrete, is mentioned, as well 
as existing methods for its determination. 
Methods of determining heat of hydration 
and chemical resistance are discussed. 


Methods of testing mortars for plaster- 
ing and masonry adopted by the 
Scandinavian Mortar Committee (in 
Swedish) 
Nordisk Betong (Stockholm), V. 2, No. 1, 1958, pp. 
111-119 
Reviewed by Marcaret CorRBIN 

The Scandinavian Mortar Committee’s test- 
ing methods for masonry and rendering mor- 
tars are presented. These methods are in- 
tended for the testing of mortars sampled at 
the building site or prepared at the laboratory. 
Methods are given for the determination of 
the ultimate strength in flexure and compres- 
sion, bond strength, shrinkage, capillary suc- 
tion, water permeability, and soundness. 


Method of evaluating the activity of 
pozzolans (in Japanese) 


Tosurrosut Yamaucut, Semento Gijutsu Nenpo, No. 2, 
1958, pp. 83-89 


Crramic ABSTRACTS 

May 1958 (Y. Suzukawa) 

Tests were made on five natural pozzolans 

found in Japan. Chemical analysis of the 

soluble portion, particle size distribution 

measurement, absorption test of CaO, and 

thermal analysis of the reaction products of 

the system pozzolan-Ca(OH)2-H20 are con- 

sidered suitable methods for evaluating the 
activity. 


Effects of fineness on the hydration of 
portland cement (in Japanese) 
Kimpr Cuuso, Semento Gijutsu Nenpo, No. 1, 1947, 


. 87-100 
es Crramic ABSTRACTS 


May 1958 (Y. Suzukawa) 


Two kinds of ordinary cement clinker, 
(1) C,8 48.6 percent, C.8 31.4 percent and 
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(2) C;8 60.5 percent, C,5 21.1 percent, were 
ground to various finenesses having different 
particle size distributions with the addition of 
3 percent by weight of natural gypsum, re- 
sulting in six samples. The heat of hydration 
and the amount of the combined water are 
correlated with the fineness, i.e., the degree of 
hydration. The shrinkage is due partly to the 
degree of hydration but principally to the 
evaporation of the semicombined water in the 
gels produced during hydration. 


False set of cement (in Japanese) 
Keucnt Murakami, Suuicui IzvKa and Hrropumti 
Tanaka, Sekko to Sekkai (Tokyo), No. 26, 1957, pp. 
“ig Ceramic ABSTRACTS 
May 1958 (Y. Suzukawa) 

The effects of the form and amount of 
gypsum added on false set were studied by 
use of an improved Vicat needle. The degree 
of dehydration of gypsum was determined by 
differential thermal analysis. Differential 
thermal analysis of the mixture of clinker and 
gypsum showed that the transformation to 
hemihydrate occurs at 95 to 100 C, and that 
from hemihydrate to soluble anhydrite showed 
that the soluble anhydrite changes to hemi- 
hydrate after 10 to 15 hr exposure. This 
phenomenon seems to be a cause of false set of 
slightly aged cement. 


Pavements 


Scaling of concrete pavements in air- 
fields of the Swedish Air Force 
Administration (in Swedish) 
Sven G. Berastrom _ Bsorn Ornom, Utredningar 
(Applied Studies) No. 1, Swedish Cement and ag 
crete Research Institute (Stockholm), 1956, 34 
Reviewed by MARGARET —_— 
Results of a survey of existing pavements 
conducted in Sweden in 1953-1954 show that 
frequency of scaling of concrete pavements 
exposed to climatic influences alone and not 
subjected to salt treatment, is determined by 
circumstances as follows: (1) the combined 
effect of the number of winters, consistency, 
and dispersion in quality (strength) of con- 
_ erete can be expressed by an equation pre- 
sented by the authors; (2) the contractor’s 
influence is decisive since he controls con- 
sistency.and uniform quality; (3) if the work- 
manship is poor, the extent of deterioration 
depends also on the grade of cement; (4) air- 
entraining agents significantly improve frost 
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resistance of pavements: No appreciable ef- 
fect was observed which could be attributed 
to season of placing, cement content (within 
the limits of 300 to 350 kg per cu m), water- 
cement ratio, and strength. Scaling of slabs 
was observed in 7.9 percent of a pavement 
which received no salt application, and in 
63.3 percent of another which received such 
application. 


Preliminary experiment to compare 
the behavior of concrete beams under 
static and dynamic loading conditions 
Research Note, RN/3116/JJT,ENF, Road Research 
Laboratory, Department of Scientific and Industrial 
Research, Harmondsworth, Middlesex, England 
Summaries oF Roap Researcn Notes 
No. 57, Jan. 1958 

Concrete road slabs are usually subjected 
to combinations of strains applied at various 
speeds. There are the static strains due to 
restraint of the warping caused by the tem- 
perature gradients which usually vary cycli- 
cally once per day, those due to thermal ex- 
pansion and contraction which depend on the 
mean temperature of the slab and will vary 
daily and also seasonally, and near-static 
strains which result from shrinkage, changes 
of moisture content, ete. Superimposed on 
these slowly varying strains are the dynamic 
strains caused by vehicles moving across the 
slab. 

The dynamic tests gave flexural strengths 
about 36 percent above the static value, while 
the strain at fracture was raised by about 20 
percent. The nearly linear part of the load- 
strain curve, up to the onset of permanent 
deformation, was much longer in the dynamic 
tests than in the static ones, the corresponding 
limiting value of strain being twice that given 
by the static test. 


Proposed experimental 
concrete road 


Research Note, RN/3028/JPS, Road Research Lab- 
oratory, Department of Scientific and Industrial Re- 
search, Harmondsworth, Middlesex, England 
SuMMARrES oF Roap Resparcn Notes 
No. 57, Jan. 1958 


prestressed 


The outstanding requirement is a direct 
comparison of the performance on a heavily 
traveled road of prestressed with that of 
normal reinforced concrete. Before such an 
experiment is made, however, it will be 
necessary to obtain experience of the tech- 
niques of constructing a prestressed concrete 
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road and to assess the practical value of a 


bituminous sliding layer. 


This note gives details of a proposal to lay 
two slabs in the laboratory’s grounds at 
Langley Hall, each 120 ft long, 20 ft wide, and 
6 in. thick and post-tensioned. One slab will 
be laid directly on the prepared foundation 
and the other on a sliding layer consisting of 
Y{ in. of 100-penetration bitumen. 


Ten-year report on Illinois experi- 
mental continuously reinforced pave- 
ment 
Roads and Streets, V. 101, No. 3, Mar. 1958, pp- 116, 
117, and 121 

Summarizes the report presented at the 
Highway Research Board annual meeting by 
J. D. Lindsay, engineer of materials, [linois 
Division of Highways. Conclusions of the 
Illinois experience are that continuously re- 
inforced pavements are economically sound 
on the basis of first cost, maintenance cost, 
service life, and salvage value and that steel 
percentages between 0.5 and 0.7 percent are 
adequate with a minimum of an 8 in. thickness. 


Dutch motor road 
The Engineer (London), V. 204, No. 5307, Oct. 11, 


1957, pp. 540-541 
Reviewed by Aron L. Mirsky 


Description of Route 4A in the Nether- 
lands, designed to link existing sections of 
superhighway between Amsterdam and the 
‘Hague and thus provide both a high speed 
motor route between them and a bypass for 
through traffic around the latter. Part of 
project is a major intersection with Route 12, 
which is projected for the future when traffic 


warrants. 


Precast Concrete 


Concrete railroad ties (in Danish) 

S. THoRNING CHRISTENSEN, Ingenigren, B Edition 
(Copenhagen), V. 67, No. 7, Apr. 1, 1958, pp. 229-235 

; Reviewed by JESPER STRANDGAARD 
Describes history and development of con- 
crete railroad ties in Europe, from Monier’s 
first design in 1884, to the present types, 
among which the French, with two steel-bar- 
connected pads, Type RS, and the German, 
conventionally shaped, Type B 58, seem pre- 
vailing. The use of concrete ties is rapidly 
- growing in Europe, and it appears, that the 


concrete tie now has left the experimental 
state and is here to stay. 


Precast portal frames 
C. F. C. Crisp, Constructional Review (Sydney), V. 31, 


No. 4, Apr. 1958, pp. 18-24 

Describes design and presents various prac- 
tical details for precast reinforced concrete 
rigid frames, with emphasis on the techniques 
of jointing. 


Prestressed Concrete 


Prestressed railroad ties, parts | and Il 
Concrete Products, V. 61, No. 4, Apr. 1958, pp. 38-43 
and 72-80; No. 5, May 1958, pp. 20-25, 36, 38, and 44 

Part I describes the development by various 
European countries of different types of pre- 
cast and precast prestressed concrete railroad 
ties. 

Part II discusses and describes advantages 
and disadvantages both in use and production 
of the types of units manufactured in France, 
Belgium, Germany, and England. Includes 
description of research program by American 
Association of Railroads on feasibility of pre- 
stressed ties for United States economy. 


Twelve cu m prestressed, prefabricated 


tank (in Hungarian) 
B. Gnavia, J. THoma, Magyar Epttéipar, Vv. 6, No. 1-2, 


1957, pp. 1-7 
HUNGARIAN TECHNICAL ABSTRACTS 


V. 10, No. 1, 1958 

The design and construction of a prefabri- 
cated, post-tensioned 1200 cu m tank of rein- 
forced concrete is described. The 8.50 m 
high, 18.60 m diameter tank is covered by a 
shell dome. The sides are composed of 8 cm 
thick elements, weighing 2.3 tons each while 
the trapezoidal and triangular elements consti- 
tuting the dome are 6 cm thick and weigh 
0.7 ton each. 


Fatigue in prestressed concrete struc- 


tures 
R. E. Rowe, Constructional Review (Sydney), V. 31, 
No. 3, Mar. 1958, pp. 18-22 


AvTuor’s SUMMARY 
A review of the work on fatigue in pre- 
stressed concrete and observations by the 
various investigators. 
Tests show the excellent fatigue resistance 
of prestressed concrete in the design range of 
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loading. It is apparent that for loadings out- 
side the design range, i.e. after cracking has 
occurred, the governing factor affecting the 
fatigue strength of prestressed concrete is the 
fatigue strength of the high strength steel 
used for stressing. Figures obtained for the 
fatigue strength of prestressing wires show 
that for most types in present use a mean 
value of 60-65 percent of the ultimate strength 
should be taken. No comparable figures for 
the fatigue strength of high strength alloy 
bars are available. 


Reinforced concrete headgears_ in 
South Africa 


The Engineer (London), V. 204, No. 5312, Nov. 15, 
1957, pp. 723-724 
Reviewed by Aron L. Mirsky 
Brief description of several mine headframes 
of reinforced and prestressed concrete. [Cf 8S. 
Macerata in ACI Journat, Sept. 1952, Proc. 
V. 49, p. 57 (LR49-1)] 


Some experiences gained from con- 
struction, in prestressed concrete, 
system ZeZlj, erected in Slovenia (in 
Slavonian) 
Serces Busnow, Gradbeni Vestnik (Ljubljana), V. 8, 
No. 47-50, 1956-57 pp. 143-150 
Reviewed by J. J. PonrvKa 
Prestressed concrete structures were intro- 
duced in Slovenia in 1954, and since then this 
material has been used for many commercial 
buildings. Author describes typical roof 
structure spanning 65 ft, consisting of I- 
shaped girders 16 ft on centers supporting 
continuous series of precast joists of inverted 
U-shape, 11% in. thick and 7 in. deep, their 
width decreasing from 10 to 834 in. toward 
the top, thus providing, when assembled to- 


_ gether, joints of triangular cross section, 214 


in. wide on the top. These joints were filled 
with special bituminous material, spread also 
on the surface as the lowest layer of a very 
reliable roofing. Joints on top of the girders 
are 4 in. wide. I-shaped girders with open 


_ web in the center part are 50 in. deep at the 


ridge and 40 in. at the supporting columns. 
Average ultimate strength of 0.2-in. wires 


_ Was 225 kips per sq in. Process of testing 


materials is described. Average concrete 
strength was 8000 psi and slippage only 0.1 in. 
Cables were grouted with colloid cement and 
Lurgi plasticizer. Loading tests within elas- 


© 


August 1958 


tic limits proved the accuracy of design. 
Comparison of costs shows that the prestressed 
concrete girders were 19 percent cheaper than 
ordinary reinforced concrete. 


Properties of Concrete 


Investigation of the influence of shape 
of concrete members on compressive 
strength (in German) 
Kurt Wauz, Proceedings, Deutscher Ausschuss fir 
Stahlbeton (Berlin), V. 122, 1957, pp. 1-8 
Reviewed by Parrick E. Murpuy 
Tests for influence of the shape of concrete 
specimens on compressive strength were 
made on a total of eight different cross 
sections. Results indicated very little shape 
effect, with the possible exception of the 
cylindrical cross section. 


“Ytong”—Lightweight lime concrete 
(in Hebrew) 
J. Kannt, In the Field of Building; Bulletin No. 53, 
Technion—Israel Institute of Technology (Haifa), 
1958, 12 pp. 
AvtHor’s SUMMARY 

A brief review is given of the production 
process, followed by tables and diagrams sum- 
marizing the data on the volume weight, 
compressive strength, and absorptive capacity 
of the material (tests carried out on 15-em 
cubes) and block. Statistical analysis showed 
a high degree of uniformity. 

Finally, empirical formulas for the relation- 
ship between compressive strength (saturated ) 
and volume weight (air dry) are given for 


block of different depth. 
Structural properties of magnetite 
concrete 


Jerome M. Rapnagt, Proceedings, ASCE, V. 84, ST 1, 
Jan, 1958, pp. 1511-1 to 1511-26 

Magnetite concrete for a test reactor bio- 
logical shield was made from combination of 
crushed magnetite aggregate and a low-alkali 
Type I cement, The elongated shape and high 
density of the crushed magnetite particles 
tended to cause harshness and segregation in 
mixing the concrete, but by paying careful 
attention to the proportion of fines and the 
composition of the cement paste in the mix, 
workable concrete mixes were achieved having 
densities ranging from 225 to 239 lb per cu ft. 
It proved important to prevent the cement 
paste from becoming too fluid, as this caused 
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excessive bleeding and segregation. Concrete 


of any required strength could be made, but 


for concretes having compressive strengths 
less than 4000 psi at 28 days, extra fines had to 
be added to the mix in place of cement to 
lend supporting power and lubricity to the 
paste. 

Data are given on: design of the shield to 
resist large temperature differentials between 
the outer and inner faces; effect of volume 
changes; mix proportioning; densities; loss of 
weight on drying; bleeding; strength; modulus 


_of elasticity and Poisson’s ratio; shrinkage 


and coefficient of thermal expansion; and 
radiation shielding. 


Structural Research 


Effect of compressive stress on the 
dynamic modulus of concrete 


R. H. Etvery and M. Furst, Magazine of Concrete 
Aes (London), V. 9, No. 27, Nov. 1957, pp. 145- 


AuTHOR’s SUMMARY 


A small reduction of modulus occurs when 
concrete is loaded but no subsequent reduc- 
tions occur while the load is maintained for 
periods up to 6 months. A similar reduction 
also occurs on releasing the load and with 
subsequent loading cycles. This effect, which 
is independent of the age of the concrete after 
14 days, is approximately proportional to the 
applied stress and becomes successively 
smaller for subsequent loading cycles. The 
‘reduction in dynamic modulus is always small, 
being about 5 percent or less. 


Physical significance of tensile strength 
of concrete in relation to the modulus 
of rupture (in Russian) 
K. A. Mau’rzov, Beton i Zhelezobeton (Moscow), No. 3, 
Mar. 1958, pp. 107-111 

Reviewed by D. WatTsTEIN 


The author studied plain concrete beams 
under a concentrated load and observed that 
“microcracks” appear at flexural stresses 
equal to tensile strengths obtained in axial 
tensile tests. The load causing microcracks 
applied for the first time in static tests does 
not cause failure. Failure is finally caused 
when the load is considerably increased. 

Plane sections reportedly remained plane 
up to stresses at which the first microcrack 
was observed. Above this stress, the strain 


at the critical section where failure ulti- 


o, 


303 


mately occurred increased quite rapidly, while 
at the adjacent sections the strains either 
remained constant or diminished. 

The author interprets the results as indi- 
cating that the extensibility of concrete is 
the same in both axial tensile and flexural 
tests. He attributes the apparent increase 
in modulus of rupture to the ability of a 
flexural ‘specimen to absorb considerable 
elastic energy following the formation of a 
microcrack. 

The author offers the following equation for 
estimating the modulus of rupture: 


13.4 
nS (54 + 1) Rr 


where R., and Rr are the modulus of rupture 
and tensile strength, respectively, and h is the 
depth of the test prism, in cm. 


Load distribution in bridge slabs (with 
special reference to transverse bend- 
ing moments determined from tests on 


three prestressed concrete slabs) 


R. E. Row, Magazine of Concrete Research (London), 
V.9, No. 27, Nov. 1957, pp. 151-160 


AvuTHOR’s SUMMARY 

Tests on three prestressed concrete slabs of 
varying span/breadth ratios have given data 
concerning the load distribution properties of 
such structural forms. 

The results for the distribution of deflections 
and longitudinal and transverse bending mo- 
ments under one, two, and four equal loads 
are given and compared with results given by 
the theoretical analysis. The effect of con- 
sidering Poisson’s ratio in the theoretical 
analysis is discussed. 

The distribution of the transverse bending 
moments, both in the transverse and longi- 
tudinal directions, is considered in detail. 


Experiences with strain gage measure- 
ments in massive concrete structures 
(Erfahrungen mit Dehnungsmessungen 


im Massenbetonbav) 


Rupour Kuun, VDI Zeitschrift (Diisseldorf), V. 99, 
No. 17, June 11, 1957, pp. 751-763 : 


Reviewed by Aron L. Mirsky 

An excellent article on measurements to 
evaluate the stress states in massive concrete 
members and structures. Author discusses 
the instrumentation involved: the tempera- 
ture gage, the strain gage, the ‘null’’ (stress- 
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free comparison) gage, the force gage (as 
used to measure total force in a reinforcing 
bar); and then discusses the analysis of the 
data obtained to yield “pure” values of 
strain due to temperature, shrinkage, load, 
creep. Points made are well illustrated by 
references to investigations conducted on 
several power plants, among them the Jochen- 
stein plant. Final portion of paper demon- 
strates (Fig. 55-62) marked discrepancies 
found between calculated and actual stresses 
at Jochenstein. 


General 


Pool and patio 
Building Products, V. 4, No. 5, May 1958, pp. 31-81 


A special report on residential and com- 
mercial swimming pools. Includes discus- 
sions of commercially available filtration 
systems, pumps, mechanical equipment and 
all structural types and materials available. 
Short descriptions of the various structural 
types commercially available include sizes, 
costs, package equipment, pool offers, etc. 
Addresses of suppliers are furnished as a 
source of further information on the various 
types. 


A_ building collapses—why? (Un 
edificio se desploma .. épor qué?) 
Construccién, V. 46, No. 6, June 1958, pp. 40-42, 86 


A day-by-day account of the progressive 
differential settlement of the 11-story Sao 
Luis Rei apartment building in Rio de 
Janeiro leading up to the overturning and 
collapse of the structure Jan. 30, 1958. 
Reasons for the failure of this building and 
others in that city are analyzed. Included 
are recommended practices and a discussion 
of the flexibility of the codes of construction. 


Protection and manipulation of 
electrical-resistance strain gages of 
the bonded-wire type for use in 
concrete, particularly for internal strain 
measurement 


G. Honpros, Magazine of Concrete Research (London), 
V.9, No. 27, Nov. 1957, pp. 173-180 : igre 


Avrnor's SuMMaRY 

Describes techniques whereby electrical- 
resistance strain gages, of the bonded-wire 
type, can be used to measure strain at any 
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point in a concrete or reinforced concrete 
member. Some observations are recorded on 
long-time stability of gages and instances are 
recorded where they have been successfully 
used to measure internal concrete strains and 
strains in reinforcing bars. 


Investigations on building fires. Part 
V—Fire tests on structural elements 
N. Davey and L. A. Asnton, Her Majesty's Sta- 
tionery Office, London, (issued as Research Paper No. 
12 of the National Building Studies),1953, 274 pp., 15s. 
The fifth in a series describing the results of 
investigations made by the Building Research 
Station (England) on fire resistance. Sum- 
marizes methods of testing used on structural 
elements, walls, partitions, columns, floors, 
and beams, and records the results of tests 
made during the years 1936 to 1946. De- 
scribes the testing equipment used and dis- 
cusses the behavior of different materials 
and different structural systems under fire 
test. 


Statistics manual : 


EB. L. Crow, F. A. Davis, M. W. Maxrretp, U. 8. 
Naval Ordnance Test Station, China Lake, Calif. 
(available from Office of Technical Service, U. 8. 
Department of Commerce), 1955, 288 pp., $6 

Resulting from government sponsored re- 
search by the Naval Ordnance Test Station, 
this manual of statistical procedures is in- 
tended for use by scientists and engineers. 
Provides a precise method of summarizing 
conclusions drawn from experiments already 
performed and a reliable method of predicting 
information which can be gained from a pro- 
posed experiment particularly useful in the 
planning of tests and experiments on a more 
rational basis. 


Building loss possibilities from fire and 


natural hazards 
National Board of Fire Underwriters, 1958, 22 pp. 


Explains building loss possibilities, causes 
of such losses, and how to provide safeguards 
against them. Discusses factors affecting loss 
possibilities including type of building con- 
struction, enclosure of stairways, elevators, 
and other floor openings; subdivision of large 
areas, protection against fires in adjoining 
property, and fire resistant roof coverings. 
Should be of value to architects, engineers, 
builders, and owners. 
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PAUL M. WOODWORTH 


SYNOPSIS 


This subcommittee report is intended as a supplement to ACI Standard 
‘Recommended Practice for Selecting Proportions for Concrete (ACI 613-54)” 
and describes a procedure for proportioning structural grade concrete containing 
lightweight aggregates. This procedure does not require the use of values for 
specific gravity or absorption of the aggregates but utilizes a “‘specific gravity 
factor.” Use of this factor is illustrated and examples are included for propor- 
tioning both air-entrained and non-air-entrained mixes. 


CHAPTER 1—INTRODUCTION 


101—Scope and limits 

(a) Under this title the subcommittee has limited its discussion and rec- 
ommendations to structural grade lightweight aggregate concrete. Structural 
lightweight concrete is defined as having a 28-day compressive strength in 
excess of 2000 psi and an air dry unit weight less than 115 lb per cu ft. Many 
expanded shales, slates, clays, slags, and some natural aggregates, such as 
scoria, are used in this class of concrete. Proportioning of very lightweight: 


i t later than Dee. 1, 1958. Address P. O. Box 47 1 Wie 
See coor ead ore rt of the work of ACI Committee 613, Recommended Practice for Proportioning 
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(b) The principles of normal weight concrete proportioning as established by 
ACI Standard “Recommended Practice for Selecting Proportions for Concrete 
(ACI 613-54)” apply directly to lightweight aggregate concretes, but generally 
the application of these principles is difficult. However, conventional pro- 
cedures may be used with good results for such lightweight aggregates as are 
generally characterized by rounded particle shape, coated or sealed surfaces, 
and relatively low values of absorption. 


CHAPTER 2—FACTORS AFFECTING PROPORTIONS OF 
LIGHTWEIGHT CONCRETES 


201—General 


(a) Some lightweight aggregates have absorption values of more than 12 
percent and so may have more than 200 lb of absorbed water per cu yd of 
concrete. The question of how much water is absorbed and how much water 
actually occupies space in the concrete is the principal difficulty in proportion- 
ing by absolute volume procedures, when applied to this class of lightweight 
aggregates. The high values of absorption and the fact that the absorption 
may continue at an appreciable rate for several days make it difficult to de- 
termine correct values of absorption and specific gravity of the aggregate. 
Because of these complications the established relationships cannot be applied 
with the same confidence as for normal weight aggregates. 


can not be established with sufficient accuracy for use as a basis of mix pro- — 
portioning. Lightweight aggregate concrete mixes are established by a series 


of trial mixes proportioned on a cement content basis at the required con- 
sistency. 


202—Aggregate 


(a) Several investigators!.?.*.4 have determined that the moisture content 
of the aggregate immediately prior to mixing has little effect on the compressive 
strength of the concrete. Whether the aggregates are dry or have free surface 
moisture makes little difference as long as the moisture content is known and 
accounted for at the time the aggregates are batched. Dry aggregates produce 
concrete of lower unit weights than wet aggregates and allow easier control of 
batch quantities. Concrete made with saturated aggregate will be more 
vulnerable to damage by freezing and thawing than concrete made with dry 
aggregate. However, it is desirable that the aggregates be damp at the time of 
mixing to reduce the amount of water absorbed from the mix and so reduce the 
rate of loss of stump. Damp materials also show less tendency to segregate 
during storage and transportation than dry materials. When the aggregate 
is in a less than saturated condition, it is desirable to mix the aggregate with 
about two-thirds of the required mixing water for a short period prior to intro- 
duction of cement and air-entraining admixture. This reduces the effective 
loss of cement into the vesicles in the surface of porous aggregates, 
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(b) The net water-cement ratio of most lightweight aggregate concretes . 
7 
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- normal air contents, particularly when cemen 
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(b) The grading of the fine and coarse aggregate and the proportions used 


- have an important effect on the concrete. A well graded aggregate will have 


a minimum void content and so will require a minimum amount of paste to 
fill these voids. This will result in the most economical use of cement and will 
provide maximum strength with minimum volume change due to drying 
shrinkage and temperature changes. 


(c) For sand-and-gravel aggregates the bulk specific gravities of materials 
retained on the different sieve sizes are nearly equal, so the fineness modulus, 
on a weight basis, gives a true indication of the volumes occupied by each size 
of material. However, the bulk specific gravity of the various size fractions 
of lightweight aggregate increases as the particle size diminishes. Some coarse 
aggregate particles may float in water while the particles finer than the No. 100 
sieve have a specific gravity approaching that of sand and gravel. It is the 
volume occupied by each size fraction and not the weight of material retained 
on each sieve that determines the final void content, paste content, and 
workability of the concrete. The fineness modulus by weight and by volume 
for a lightweight aggregate are computed in the following example. 


Cumulative Cumulative 
Percent percent Percent percent 
Sieve retained, retained, Specific retained, retained, 
size by weight by weight gravity by volume | by volume 
4 0 — 1.40 — — 
8 21.6 21.6 1.55 25.9 25.9 
16 24.4 46.0 1.78 25.4 51.3 
30 18.9 64.9 1.90 18.5 69.8 
50 14.0 78.9 2.01 13.0 82.8 
100 11.6 90.5 2.16 9.9 92.7 
Pan 9.5 100.0 2.40 7.3 100.0 
Fineness modulus (by weight) = 3.02 Fineness modulus (by volume) = 3.23 


(d) The fineness modulus (by volume) of 3.23 indicates a considerably 
coarser grading than that normally associated with the fineness modulus of 
3.02 by weight. From data presented by Richart and Jensen’ on another 
lightweight aggregate, the fineness modulus of 2.83 on a weight basis converts 
to 3.21 on a volume basis. Therefore, lightweight aggregates require a larger 
percentage of material retained on the finer sieve sizes, on a weight basis, than 
do the heavier aggregates to provide an equal void content. Grading and other 


properties of lightweight aggregate for structural concrete are specified in 


ASTM C330. 


a -203—Air entrainment 


(a) Air entrainment is desirable in most concrete. It improves workability. 
and resistance to weathering, and it decreases bleeding and obscures grading 


deficiencies. Strength is generally reduced, but the reduction is not great with 
| t content is maintained, and 


be 
‘ 


a 
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becomes important only with richer mixes. The advantages of air entrainment 
are most apparent in lean or otherwise harsh mixes where strengths may 
actually be increased. Most lightweight aggregate concretes will contain 
from 2 to 4 percent entrapped air, but this has negligible effect on workability 
and durability and additional entrained air is desirable. The durability of 
lightweight aggregate concretes has generally been considered to be very good 
even without air entrainment.?.® However, where air entrainment is required 
to provide protection against freezing and thawing, it is reeommended that 
all lightweight aggregate concretes contain not less than 6 percent total 
(entrapped plus entrained) air. T. C. Powers’ and others have shown that the 
spacing of the air bubbles is more important than the total quantity of air en- 
trained. But since this factor cannot be readily determined in the field, ade- 
quate weathering protection can only be assured by the use of recognized 
air-entraining admixtures and by obtaining the recommended quantities of 


~ entrained air. 


(b) There are several methods of determining the amount of entrained air. 
It is indicated by the difference in unit weights of similar concrete mixes with 
and without an air-entraining admixture and with the water adjusted to 
provide a given slump. It can be computed from these mixes since the differ- 


ence in volumes of the two batches plus the volume difference in water require-_ 
ment equals the volume of purposely entrained air. It can also be computed - 


by use of the “specific gravity factor” which is discussed later in this report. 
The pressure type meter can be used if it is properly calibrated, although with 
many air-entrained lightweight concretes it must be used at reduced pressure. 
‘The volumetric method described in ASTM C 173-55T gives the most reliable 
results and this method is recommended. It has the advantage that the 


air content of both air-entrained and non-air-entrained concrete can be 
measured. 


CHAPTER 3—ESTIMATING PROPORTIONS 


301—Proportions of fine and coarse aggregate 


(a) A good estimate of the proportions of fine and coarse aggregate may be 
obtained by the maximum density method. The proportions are adjusted 


to produce a maximum unit weight of the combined aggregate. Due to the 


difference in the specific gravities of the fine and coarse fractions the curve 
may not show a maximum at a point below 100 percent of the fine fraction; 
however, a rather sharp change in curvature will be observed. This change in 
curvature is indicative of the region of minimum void content, and can be 
verified by computation if values of the apparent specific gravities of the coarse 


and fine aggregate fractions are known. Results of such procedure are illus- 
trated in Fig. 301 (a). 


(6) This procedure will generally indicate that, for 34-in. maximum size ag- 
gregate, material passing the No. 4 sieve should be between 40 and 60 percent 
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of the total aggregate, based on dry 
Unit Weight 

of aggregate decreases the proportion ; 
of fine aggregate increases. With air 
entrainment and richer mixes a lower 
percentage of fines is normally used. 
The void content changes only slightly 
between limits of 40 and 60 percent. 


oe 


50 


Eb, /cou. ft: 


The amount of fine aggregate is gen- , 40F 
erally kept as low as possible while 2 E Seve 
still providing a margin of safety for = sor 4 


good workability. However, some 
producers of lightweight aggregate 
concrete have found that maximum 
strengths are not obtained: by using 
the largest quantity of coarse aggre- 
gate. The relatively weak physical 6 
structure of the large size aggregate 

reduces the concrete strength if an 

excessive amount of coarse aggregate 

is used. 


Unit Weight 


= 
60 80 100 


% Fines by Dry Loose Volume 


Fig. 301(a) 


302—Estimate of cement and water requirements 

(a) Some lightweight aggregates are rounded with relatively smooth 
surfaces, others are extremely angular with very rough surfaces. These 
characteristics account for the wide range in amount of net water required 
to produce a concrete of a given consistency with different saturated aggregates. 
The net water required to produce a 2-in. slump in non-air-entrained concrete 


averages about 390 Ib per cu yd of concrete. However, amounts varying from 


300 to 450 Ib per cu yd are encountered with different aggregates. This wide 
range in water requirement is reflected in a corresponding range of cement 
contents to produce a given strength. The structural strength of different 
aggregates also has an important effect on the cement requirement, particularly 


for higher strength concretes. 


(b) Producers of the various lightweight aggregates have devoted consider- 


able time to studies of their particular 
aggregates. Their recommendations 
provide the best estimate of the re- 
quired cement content and other mix 
proportions and should be given first 
consideration. Because of the wide 


- range of cement contents required to 


produce concrete of the same com- 
pressive strength with the various 
ightweight aggregates, the subcom- 


z 


TABLE 302(b)—APPROXIMATE RELA- 
TIONSHIP BETWEEN STRENGTH AND — 
CEMENT CONTENT 


Compressive Cement content. 
strength, psi bags per cu yd* 
2000 4to7 
3000. 5 to 8 
4000 6 to 9 
5000 . 7 to 10 


*U. §, standard bag of cement weighing 94 lb. The 
Canadian standard bag of cement weighs 87.5 lb. 
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mittee was reluctant to provide any indication of the compressive strength to 
be associated with a certain cement factor. However, Table 302(b) provides 
this relationship within broad limits. 


(c) These values are suggested only as a guide in proportioning the first 
trial mixes. A number of references to published data which might also be 
used as a guide are included at the end of this report. As with heavier concretes, 
the minimum amount of mixing water should be used that will allow the con- 
crete to be adequately placed. The use of wetter mixes increases the oppor- 
tunity for segregation and lowers the bond and compressive strengths and the 
resistance to weathering action. Under most conditions, slumps less than 
4 in. will be satisfactory. 


CHAPTER 4—TRIAL MIXES 


(a) Due to the difficulties involved in the determination of a satisfactory 
value for specific gravity and absorption of the aggregate, a method of propor- 
tioning is suggested which does not require the use of these values. The first 
step in preparation for a trial mix is to determine the dry loose unit weights 
(ASTM C 330) and moisture contents of the fine and coarse aggregate fractions. 
Trial mixes are then made with at least three different cement contents. The 


first mix is made with estimated quantities of the various materials and the 


water is added to produce the required slump. The quantities for this first 
mix might be estimated in the following manner: 


Assume that the mix is to contain 6 bags of cement per cu yd, and that the dry loose 
unit weights for the fine and coarse aggregates are 56 and 45 lb per cu ft, respectively. 
A slump of about 2 in. is required. About 32 cu ft of dry loose aggregate (sum of 
uncombined fine and coarse volumes) are required to produce a cubic yard of concrete. 
Most lightweight aggregates will require from 31 to 33 cu ft, but values as low as 28 
cu ft may occur with particularly well graded and rounded aggregates. If the aggregate 
is produced in two sizes, fine and coarse, these are proportioned in equal volumes. Water 
is added to produce the required slump. A trial batch of approximately 1 cu ft would 
then require: 


6 X 94 
G » a t = . 
emen 97 20.9 Ib 
6 
Fine aggregate - z = 33.2 lb 
4 
Coarse aggregate : 2 : = 26.7 lb 


includ: 
Water > opoceee Dastee, Sie 7 iy 


mixing) 


Total weight 98.6 Ib 


The wet unit weight is 97.0 lb per cu ft and the air content test indicates 2.5 percent 
entrapped air. The yield 98.6/97 = 1.016 cu ft. Quantities per cubic yard of concrete 


are obtained by multiplying the batch quantities by the ratio of cubic feet in a yard 
to cubic foot of batch 27/1.016 = 26.6. 


/ 


* 
4 


o> gra 
the absolute volume method outlined in ACI 613-54. 


~_until the desired workability is obtaine 
_ proportioned by the method outlined in the following example. 
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Cement 556 Ib per cu yd = 5.91 bags per cu yd 
Fine aggregate 882 lb per cu yd 
Coarse aggregate 710 lb per cu yd 
Water 473 lb per cu yd 


(b) Additional trial mixes could be made by estimating cement and aggre- 
gate quantities and establishing the yield, cement and water content, and 
other fundamental relationships. However, by the use of a “specific gravity 
factor’ for the aggregate, all other trial mixes with this aggregate can be 
proportioned with considerable confidence. The specific gravity factor is 
obtained in the following manner: 


6 
Solid volume of cement ae Selina = 2.83 cu ft 
62.4 X 3.15 
473 
Volume of water — = 7.58 cu ft 
62.4 
Volume of entrapped air 2.5 percent = 0.67 cu ft 
11.08 cu ft 


The aggregate then occupies 27 — 11.08 = 15.92 cu ft. The coarse and fine 


aggregate were used in equal parts by volume, so they each occupy 7.96 cu it. 
This is not precisely correct, but the error becomes unimportant when the 
specific gravity factor method is used. The specific gravity factor expresses 
the relationship between the dry weight of the aggregate and the space it 
occupies, assuming that no water is absorbed during mixing. 


882 


Specific gravity factor, fine aggregate 62.4 X 7.96 = iis 


710 


Specific gravity factor, coarse aggregate 62.4 X 7.96 = 1.43 


(c) This is only a factor and not a specific gravity value defined by ASTM 
because the method does not account for any water absorbed during mixing. 
However, in subsequent mixes with this aggregate in the same moisture condi- 
tion, the volume of water absorbed during mixing is nearly constant. The 


; specific gravity factor can then be used as though it were the apparent specific 


vity and additional mixes can be proportioned by a procedure similar to 


(d) The first trial batch may appear harsh and need a higher percentage of 
Additional trial mixes are made using less coarse aggregate 


fine materials. 
d. These and other mixes can be 


+? 


ae ae 


__ aa ate 


. 


312 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE September 1958 

qd 

ee ? 

Assume the 5.91-bag trial batch is judged to have the desired workability and no ; 
further adjustments are required. We now want to proportion an 8-bag mix at the same 
consistency. The quantity of coarse aggregate is maintained constant. The water require- :, 


ment also is considered to remain constant. 


752 


Solid volume of cement = —— = 3.83 cu ft 


62.4 X 3.15 


473 
Volume of water ay ee ot 


62.4 


710 


Solid volume of coarse aggregate = 624 x 143 


Air 2.5 percent = 0.67 cu ft 


Total volume of ingredients except fine aggregate = 20.04 cu ft 
Volume of fine aggregate = 27 — 20.04 = 6.96 cu ft 


Weight of fine aggregate = 6.96 X 62.4 X 1.78 = 773 |b 


may require minor adjustment. ; 
taken and the actual quantities of material per cubic yard are computed. — 


7.58 cu ft 


7.96 cu ft 


(e) Air-entrained concrete mixes are proportioned in the same manner. 


556 


Solid volume of cement = —————_ 
62.4 X 3.15 


= 2.83 cu ft 


426 


Volume of water = — 
62.4 


= 6.83 cu ft 


710 


Solid volume of coarse aggregate = -————__ 
; 3 62.4 X 143 


= 7.96 cu ft 


Volume of air (2.5 percent +4 percent) = 0.065 X 27 = 1.76 cu ft 


19.38 cu ft 
Volume of fine aggregate = 27 — 19.38 = 7.62 cu ft 


Weight of fine aggregate = 7.62 X 62.4 X 1.78 = 846 lb 


However, the water content is generally reduced 2 to 3 percent for each 1 
percent of entrained air. For example, if we want to repeat the 5.91-bag mix 
but include 4 percent purposely entrained air: 


(f) Additional trial mixes should be made which include at least three cement 


: 
} 
| 
| 
A trial mix is made using these proportions although the quantity of water 
The unit weight and air measurement are 
. 


contents both with and without air entrainment. Graphs may be prepared 


relating the cement content and unit weight to the 28-day compressive strengths 
for use in proportioning mixes at other strength levels. 


f 
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JOB CONTROL 


(a) Job control of lightweight aggregate concrete is not within the scope of 
this subcommittee, but to make effective use of this proposed recommended 
practice the following fundamentals for lightweight concrete control are sug- 
gested. 


(b) Job control is obtained by keeping constant the cement content, slump, 
and volume of dry aggregate per cubic yard of concrete regardless of variations 
in absorbed or surface moisture. If the density of the aggregate does not vary, 
constant volume can be maintained by keeping the dry weight of aggregate 
constant. Unit weight of the fresh concrete should be determined at frequent 
intervals. A change in unit weight indicates a change in air content or change in 
weight of aggregate. An air content determination will establish whether or 
not the correct amount of air is entrained. If the weight of aggregate has 
changed, it is due to a change in moisture, a change in gradation, or a change in 
density of the aggregate. Checks of moisture content, gradation, and unit _. 
weight can be easily made, and these will reveal the cause of the change. 
If the moisture content has changed, the aggregate weight is adjusted to keep 
the weight of dry aggregate constant. If the density of the aggregate has changed, 
the weight of dry aggregate is adjusted to keep the volume of dry aggregate 
constant. 


(c) It must be remembered that the principle of the water-cement ratio 
law applies to lightweight aggregate concrete. When mixes are proportioned 
on a cement content basis, the compressive strength associated with a certain 
cement content is obtained only at a given consistency. If it is found necessary 
to increase the slump, the increase in water content should be accompanied 
by a proportionate increase in cement content. 
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Concrete, ” ACI Foun Tau 1958, Proc. V 54, pp. 605-622. q 
12. The following standards and tentatives of the American Society for Testing Materia B+ 
are particularly applicable to structural lightweight concrete: 


= ASTM © 330 Tentative Specifications for Lightweight Aggregates for Structural 
“ Concrete 
ASTM C136 Method of Test for Sieve Analysis of Fine and Coarse Ageregates 


(limits in C 330) 4 
~ ASTM C29 Tentative Method of Test for Unit Weight of Aggregate chicane 
ay procedure) ~< 
J é ASTM C173 Tentative Method of Test for Air Content of Freshly Mixed Concrete 


by the Volumetric Method og 


Discussion of this report should reach ACI headquarters in tripli- 
cate by Dec. 1, 1958, for publication in the March 1959 JouRNAL. 
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Report traces the development of empirical formulae for structural capacity 
of two slabs, one superimposed on the other, and gives equations developed by 
Marcus and Palmer which permit determination of stresses in both the upper 
and lower slabs. Locating joints in the overlay above joints in the old slab is 
recommended. Design of reinforcement for the overlay is considered, as 
well as combining resurfacing with pavement widening. Also discussed are: 
relative merits of a separation course between old and new slab; bonded resur- 
facing; and effect of subgrade condition. 


Concrete overlays, otherwise called concrete resurfacings, have an ex- 
perience record of widespread use in the United States. Resurfaced pavements 
now in service cover a period of not less than 43 years. During 1957 a survey 
of all known street and highway concrete resurfacing projects included over 
300 projects in 28 states. Of these, 40 percent were rated as in excellent con- 
dition, 40 percent as good, 18 percent as fair and 2 percent as poor. The 
“poor” ratings applied to pavements of greater ages. Hxperience on these 
projects has supplied the information on which most resurfacings have been 


designed up to this time. 
OVERLAY SLAB THICKNESS 


Until recently there has been no comprehensive analysis of stresses in- 
volved in multiple layers of concrete pavements similar to the Westergaard 
and Pickett studies of stresses in a single slab. It is not known by whomt or 
when the suggestion was first made for use of the formula which assumed that 
the structural capacity of two slabs, one superimposed on the other, is equi- 
- yalent to that of a single slab the square of whose thickness is equal to the 


i h 12 have voted affirmatively, and none negatively. 
ers returned their ballots, of whom ave Vv ly, & a re 1694, see ING, 1a 


de ti oduce a monolith, L Y 

ee cater lene thats That of a single slab having thickness equal to the total thickness of concrete and brick, 

but was about that of a single slab haying an “‘eq 
‘have been the original use of the formula, 
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sum of the squares of the two slabs. Expressed mathematically this formula 
becomes: 


Te Dg Ao RE a dog Sn ee ee (1) 


in which 79 = thickness of old or original concrete slab which is overlaid by a 
new slab having thickness Tp; Tp = thickness of resurfacing slab laid on old 
slab; and 7’ = thickness of a single slab having structural capacity equivalent 
to that of the slabs of thickness 79 and T'p. 

This formula came into use with the full understanding that it was not 
technically accurate. It may be approximately correct under the conditions 
that (1) the two slabs have the same stiffness, and (2) that there is no friction 
between them. Since it is most unlikely that the two slabs will be of the same 
stiffness, it is to be expected that one will be stressed more than the other. 
This is offset by the fact that, normally, considerable friction will exist be- 
tween the two slabs which will cause them to act to some degree as an integral 
unit and thus reduce the stresses below what they would be if the two acted 
separately with no friction between them. 

In applying the formula to resurfacing design, the conditions are further 
complicated by the properties of the concrete in the old and new slabs. The 
old pavement may be fatigued by long continued overloads or have suffered 
other deterioration through a normal lifetime of service. To correct for this 
factor, it has been common practice to introduce a coefficient C to evaluate the 
condition of the old slab. The formula then becomes: 


T3 me OPS te Pee ee ee (2) 


in which C = coefficient for evaluation of old concrete slab. Suggested values 
for C are as follows: 


C = 1 if old pavement is in good condition 

C = 0.75 if old pavement has a few corner breaks but no progressive breakage 

C = 0.35 if old pavement is badly cracked or shattered 

Following a series of load tests on resurfacing slabs at Lockbourne Air 
Force Base in Ohio in 1947 and 1948, the Ohio River Division Laboratory of 
the Corps of Engineers proposed a further modification of the formula which 
recognized the fact that friction between the two slabs caused the system to 


have somewhat greater capacity than indicated by Eq. (1) or (2). The modi- 
fied formula* took this form: 


T18 = C Tot + Tp? 


*Since this paper was written, a new Corps of E ineers i i i i igid ai 
ments has been released in which this formula is modified fess folona: 7 Sngineering and design of rigid airfield Payer 


T'4 = CT ols + Tri4 
or 


Ty we OY PCRS aed et hee cae (3a) 
It appears that Eq. (3a) calls for resurfacing thickness slightly greater than Eq. (3) but less than required by Eq. 2. 


~ 
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This latter formula has come into use for the design of resurfacing slabs 
resting directly on the old pavement so that a considerable friction exists 
between the two. Some bond may develop between the old and new but this 
equation does not call for the two slabs to be actually bonded. For pavements 


~ with a separating course which reduces or eliminates friction between the 
s two slabs it is common practice to utilize Eq. (2). Transposed to solve for 
4 the resurfacing thickness the two equations take these forms. 

A | 

, eee TP iT os tae Brg tal a maniitad tae (2) 

“A ee 

“c DP pls iN Tt Bis CP ota ae fl dy ey ERS eae (3) 

A 

% These formulas are recognized as empirical. A design procedure based on 
x. rational analyses of stresses is to be preferred. More than one agency is known 
; to be working on the subject. 

____ Development by Marcus and Palmer 

5 Formulas credited to Henri Marcus of the Bureau of Yards and Docks of 


ow 


the U. S. Navy were presented in August, 1955, in a progress report of the 
American Society of Civil Engineers committee on the design of overlay 
pavements. The report appears as Paper 777, Proceedings, ASCE, V. 81. 
The same formulas were also derived by L. A. Palmer in a paper, ‘Design 
of a Concrete Overlay on Old Concrete Pavement,” in the U. 8. Navy’s 
~ Budocks Technical Digest, No. 79, for August, 1957. The formulas developed 


by Marcus and Palmer follow: 


3 
uae (4) 


fae der per oe te 


Exhy? 
Ea et eco aad EET eee ER er: 5 
fo = fa Eyhy3 + Boho} (5) 


fi = Maximum tensile stress in the upper (new) slab under a given applied wheel load 
when the new slab rests on the underlying old slab 

fo = maximum tensile stress in the upper (new) slab under the same applied wheel load 
under the condition that the new slab rested directly on the subgrade without the 
old slab between it and the subgrade ye 

fo = Maximum tensile stress in the lower (old) slab resulting from the same wheel load 
applied to the upper (new) slab which rests on the lower (old) slab 

fs = Maximum tensile stress in the lower (old) slab resulting from the same wheel load © 
being applied directly to it, without the interposition of the upper (new) slab be- 
tween it and the load 

h, = thickness of the upper (new) overlay slab 

hy = thickness of the lower (old) slab 
E, = modulus of elasticity of the upper (new) slab 
E, = modulus of elasticity of the lower (old) slab 
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The stresses fo and f; would be computed by the Westergaard or Pickett 
procedure for a single slab. Palmer’s paper suggests that this method is 
applicable where a separating course is placed between the two slabs provided 
the thickness of separation does not exceed 6 in. It would appear that the 
equations might be modified to fit the condition where no separating course is 
used and where some friction or bond would be present to increase the rigidity 


_ and structural capacity of the system. 


So far as is known, there has been no experimental evaluation of Eq. (4) 
and (5) using strain gages or other methods. Such a study could well include 
an investigation of what modification, if any, is needed to make them applic- 
able when no separation course is used. It is hoped that such a study soon 
can be undertaken. 


Marcus and Palmer point out that Eq. (4) and (5) permit determination of 
stresses in both the upper and lower slabs, thus making it possible to avoid 
overstressing in either slab. It is also possible to select a different working 
stress for each slab if that seems appropriate. 


JOINT LOCATION 


In addition to slab thickness, there are a number of other questions to 


which the designer of concrete resurfacing needs answers. Perhaps the one _ 


of first importance is the matter of jointing. Observations of resurfacing 
pavements in service have led to the conclusion that with no separation 
course, or with a relatively thin one, most of the joints and cracks in the old 


_ pavement will be reflected or reproduced in the resurfacing. Accordingly, 


it is usually thought best to match all joints in the lower slab with joints in 
the resurfacing slab. These have not always been of the same type as in the 
old slab. For example, contraction joints have been used above old expansion 
joints, especially when the latter had become pretty well closed during the 
years of use. Similarly, tied (hinged) joints might well be used over an old 
untied longitudinal joint. 


It is not necessary to place joints over all cracks in the old slab. Where there 


has been considerable cracking in the old slab, distributed steel has frequently 


been used in the overlay to prevent reflection cracks from becoming points of 


weakness. This measure seems to have been effective and is generally de- 


sirable. It has not prevented reflection cracks, but when held tightly closed 
they are considered objectionable mainly from the standpoint of appearance. 
REINFORCEMENT OF OVERLAY 


Reinforcement serves the same purposes in concrete overlays as it does in 
original construction. Its design should follow the “Recommended Practice 


_ for Design of Concrete Pavements (ACI 325-58).”* If distributed steel was 


used in the original pavement and no wide cracks have formed to indicate 
breakage of the steel, it has been common practice to base the design of the 
*ACI Journat, July 1958, Proc. V. 55, pp. 17-52, or see ACI Standards, 1968. 
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reinforcement in the resurfacing on the thickness of the resurfacing slab alone. 
If there was no distributed steel in the old slab, or if wide cracks indicate it 


to be broken, the steel in the resurfacing has been based on the combined 


thickness of the two slabs. 


WIDENING COMBINED WITH RESURFACING 


Old concrete pavements that require resurfacing often need widening also. 
While the number was not definitely established, a considerable proportion 
of the more than 300 projects covered in the survey mentioned earlier were 
combined resurfacing and widening projects. It appears that, far from causing 
troublesome complications, the construction of widening along with resur- 
facing offers certain definite advantages. Most important of all is the oppor- 
tunity thus offered to construct the widening integral with the resurfacing, 
thickening the widening to that required for a single thickness slab to carry 
the expected load. This prevents the occurrence of a thin edge of the resur- 
facing which might constitute a point of weakness when curling action caused 
it to separate and become unsupported by the edge of the old slab. 

Construction of a combined resurfacing and widening involves no special 
problems. In fact, the setting of forms is usually simplified and other opera- 
tions are not made more difficult. This committee is concerned primarily 
with design, but the designer must give consideration to construction prob- 


lems. 
SEPARATION COURSE 


The question of whether to use a separation course between the old and new 
slabs is one on which there is wide disagreement. Studies by different agencies 
have shown a definitely greater structural capacity when no separation course 


- is used. Conversely, there seems little doubt but that the amount of reflection 


cracking can be reduced or even eliminated by use of separating courses of 
substantial thickness. Separating courses may be made necessary by changes 
in grade or by excessive irregularities in the old pavement which demand a 
leveling course before the new slab is constructed. Otherwise, a decision must 
be made as to how much added cost, due to the greater thickness of concrete 
as well as cost of the separation course itself, is justified to avoid the reflection 
eracks which are unsightly but which do little to limit the pavement’s service- 


ability. 
BONDED RESURFACING 
The preceding discussion treats the normal concrete resurfacing in which no 
ffect bond to the existing pavement. Recently 


there has come into use a bonded type of resurfacing. Special steps are taken 
to prepare the old surface and to place the new in a manner which will effect 
a bond between the two. The question of structural design of bonded resur- 
have been used, to date, only to correct an un- 


i 
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satisfactory surface condition where no strengthening of the old slab was 
thought necessary. 

At present, it would appear that an old slab with a bonded resurfacing 
can be treated as having a structural capacity equal in every way to that of a 
single slab with thickness equal to the total thickness of old slab plus the 
bonded resurfacing. 


SUBGRADE CONDITIONS 


A factor which must be considered in the design of concrete resurfacing is 
the condition of the underlying subgrade. It is obvious that where the sub- 
grade has failed, the failure will not be corrected by placing an additional 
layer of concrete. In this case it will be better to break up the old slab, utiliz- 
ing it for subgrade treatment, adding more subbase if needed, and construct a 
new pavement thereon. 


CONCLUSION 


Committee 325 has been assigned the task of developing a recommended 
practice for the design of structural details of concrete highway and airport 
pavement. Having presented to the Institute a recommended practice for 
normal single course construction, the committee has been reorganized to 


study special phases of concrete pavement design. Subcommittee VIII was 


created to study the design of concrete resurfacing. The foregoing is not in- 
tended to represent the recommendation of the subcommittee but is a state- 
ment of the situation at the beginning of the study. Comments and informa- 
tion are invited from engineers with applicable experience and data, As 
rapidly as practical, the subcommittee will study the available facts and pre- 
pare a recommended practice for the structural design of concrete resurfacing. 


With the present knowledge of the subject it is anticipated that the initial 
recommendation will be subject to future revision. It is believed a report 
should not be delayed until the completion of the research needed for a final 
report. Rather, it is planned to present a report based on the best information 
available. -Performance of resurfacings in service gives assurance that recom- 
mendations can be made which will insure good results. When still better 


information has been developed it will be possible to revise the committee’s 
first recommendation, 


Discussion of this report should reach ACI headquarters in triplicate 
by December 1, 1958, for publication in the March 1959 JourNAL. 
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Title No. 55-20 
Final report of a project sponsored by 
the Reinforced Concrete Research 
Council at the University of California 


Strength of Concrete Under Combined Stresses™ 
By B. BRESLERt and K. S. PISTER 


SYNOPSIS 


A criterion for failure of plain concrete subjected to combined stresses was estab- 
lished from tests of 65 tubular specimens tested to failure under various combinations of 
shearing and compressive stress. A procedure for determining the shearing strength of 
a special class of rectangular reinforced concrete beams without web reinforcement was 
developed. Excellent correlation was obtained between calculated and observed shear- 
ing strength of a limited group of beams. 


INTRODUCTION 


Failure of structural elements usually occurs under complex loading con- 
ditions; hence the state of stress at failure is generally complex. For this 
reason, knowledge of criteria of failure for materials subjected to combined 
stresses is important. Reinforced concrete elements, such as beams, rigid 
frames, plate floor slabs, and shell roofs, and similar prestressed elements 
are subjected to loads producing combinations of normal and shearing stresses. 
Therefore, investigation of strength limitations for concrete subjected to 
combined stresses becomes particularly important if the ultimate strength 
theories are to be accepted. 


Investigation of failure in plain concrete is complicated by the nonhomo- 
geneity and nonisotropy of the material, and in reinforced concrete it is 
further complicated by the presence of reinforcement. It has been often 
stated that presence of reinforcement in concrete alters the nature of the 
material and, therefore, changes the criteria for failure. Indeed, in consider- 
ing the mechanism of failure, that is, the progress from initial local failure 
to ultimate collapse, both the bond between concrete and reinforcement and 
the deformation or failure in the reinforcement play an important role. It 
seems reasonable, however, that the conditions producing local failure in 
concrete are essentially the same for both plain and reinforced concrete, and 
therefore knowledge of failure criteria for plain concrete would be valuable 
for predicting collapse strength of reinforced or prestressed concrete structural 


elements of any size or shape. 
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The study reported here had two principal objectives. The first was to 
verify the validity of a failure criterion for plain concrete based on a relation- 
ship between normal and shearing mean stresses. Such a hypothesis had 
been formulated by the writers as a result of a preliminary investigation" 
but in view of the limited data obtained at that time, further verification 
was deemed desirable. 

The second objective was to apply the failure criterion to the determina- 
tion of shearing strength of structural elements. In this study an excellent 
correlation between the failure criterion and the shearing strength of a special 
class of simply supported rectangular reinforced concrete beams without web 
reinforcement was obtained. 


TEST PROGRAM 

Scope 

The experimental investigation was limited to the study of strength of 
plain concrete subjected to various combinations of compression and shear. 
All test specimens were of the same tubular shape: 9-in. outside diameter, 
6-in. inside diameter, and 30 in. long. Stresses at failure were determined 
for specimens subjected to pure axial compression, pure torsion, and torsion 
combined with compression of 20, 40, 60, and 80 percent of pure compressive 


strength. Three concrete mixes were used in this investigation with nominal - 


compressive strengths of 3000, 4500, and 6000 psi at the age of 28 days. All 
specimens were tested at approximately 28 days after casting. 

The test program was divided into three series. The objective of tests in 
Series I was to determine the effect of end conditions imposed by a special 
torque band on the pure compressive. strength of specimens. For each mix 
one specimen was tested without the torque band and one with the torque 
band clamped on the ends. In all subsequent tests, Series II and Series III, 
all pure compression test specimens had torque bands clamped on the ends. 

Series II included tests of duplicate specimens for each of the loading con- 
ditions in the program, At the conclusion of the tests in this series it became 
evident that due to normal variations in the performance of plain concrete 
and due to initial difficulties in the test procedure, some of the tests of Series 
II should be repeated to verify the results. In Series I and II “sequence” 
loading was used, in which a predetermined amount of compression was 
applied to the specimen before producing failure in torsion. It seemed de- 
sirable to investigate the effect of “proportional” loading in which com- 
pression and torsion were increased in proportional steps. Therefore, Series 
III included a number of tests, some of which were designed to verify the 
results of Series II, and some to determine the effect of proportional loading 
on the strength of concrete. 

In all, 65 specimens were tested, six in Series I, 36 in Series II, and 23 in 


Series III. The specimens were designated by a code intended to identify 


the series number, the nominal strength of the mix, and the loading condi- 


tions. Thus, II 4.5 TC.4A refers to a specimen in Series II, made of 4500-psi 
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concrete, subjected to torsion “T,” combined with compression ‘“C” of 0.4 of 
pure compressive strength; ‘“‘A”’ designates the first specimen of two made 
from a given batch. Specimens subjected to sequence loading were marked 
“A” and ‘“B’’—first or second, and specimens subjected to proportional 
loading were marked ‘‘P.”’ 


Materials and mix proportions 


- Type I portland cement was used in this investigation. The cement was purchased in a 
single lot, blended for uniformity and stored in steel drums. A blend of three sands was 
used as fine aggregate, the blend having been chosen for its soundness, uniformity, and grada- 
tion. The proportion of each sand was weighed out separately for each batch to insure better 
uniformity of gradation. River gravel was used as coarse aggregate, varying in size from 
sieve No. 4 to % in. Petrographic descriptions of the mineral content of the sands and the 
coarse gravel are shown in Table 1, and the results of sieve analyses are shown in Table 2. 
Mix proportions were selected to give the desired strength of concrete, and several trial batch 
mixes were made before the proportions were finally selected. In preparing the specimens for 
Series I, it was found that mixes with nominal strengths of 4500 and 6000 psi seemed too 
wet, and the mixes were reproportioned slightly so that specimens in Series II and III with 


TABLE 1—PETROGRAPHIC DESCRIPTION OF SAND AND GRAVEL 


Mineral composition of sands, 


percent 


Mineral composi- 


Mineral Mineral tion of Fair Oaks 
P Monterey | Monterey gravel, percent 
Antioch No. 8 No. 20 

Quartz = 79-5 87.0 81.4 Basalt, andesite, dacite 43 
Green horneblende 7.9 5.9 Quartz eae 35 
Feldspar 5.4 10.8 4.9 Schist (amphibolite and quartz 

mica) 9 
Magnetite 2.6 6 1.9 Horneblende 9 
Miscellaneous 4.6 0.6 5.9 Chert 4 


TABLE 2—SIEVE ANALYSES OF SANDS AND GRAVEL 


Slump, in., range 


Sand, percent retained 
Sieve size Gravel, percent 
: Antioch Re beet Blend* retained 
: : 
i; a 24.4 
No. 4 99.4 
8 re) 1.0 100 
16 87.5 41.2 
30 12.5 6.3 99.5 61.4 
50 35.9 ome 99.9 81.0 
100 69.4 99.7 100.0 95.3 
Fineness modulus 18 1.81 3.89 2.70 6.24 
*Blend: 15 percent Antioch; 38 percent Monterey No. 20; 47 percent Monterery No. 8. 
TABLE 3—MIX PROPORTIONS 
Series Series Series Series Series 
Property or proportion i A IT BG I II, 111 I ET, Uh. 
= "Nomi i i ( 6000 
Nominal compressive strength, psi 3000 4500 4500 6000 
Water-cement ratio, by weight 0.69 0.51 0.52 Vee ne ae 
Water-cement ratio, gal. per sack 1S 5.8 5:9 as pee 
Sand-cement ratio, by weight 4.03 2.84 Hae r* hoe an 
Gravel-cement ratio, by weight 4.36 3.46 rts ae A 
Cement content, sacks per cu yd = ge 5 58 Be 2 J 
Sa eoren 1,2-2.5 1.62.9 1.6-3.0 
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nominal strengths of 4500 and 6000 psi were made with a mix differing slightly from those in 
Series I. Mix proportions, shown in Table 3, are based on corrected quantities for saturated 
surface dry condition of all aggregates. 


Fabrication and curing of specimens 

Two-cu ft batches were mixed in a horizontal drum Lancaster mixer. All batching was 
done by weight, the materials being used in air dry condition. The dry materials were first 
blended in a mixer 1 min, then water was added and the batch mixed for 3 min. The slump 
was measured about 7 min after the start of the mixing operation. Average values and the 
range of variation of slump for each of the mixes are shown in Table 3. 

All tubular specimens were cast in a vertical position in a split metal mold with a wooden 
core consisting of four wedged pieces held in a rubber tube. The mold was mounted on a vi- 
brating table and the concrete was placed in the mold continuously through a funnel. Dur- 
ing placement the concrete was continuously rodded and vibrated, and the placement was 
completed in 4 or 5 min. After several trials, this casting procedure was selected as one which 
resulted in the most uniform concrete structure without noticeable segregation or excessive 
voids. 


Loading apparatus 


The loading apparatus for testing the tubular specimens consisted of a 400,000-Ib Baldwin 
Southwark universal testing machine to apply axial compression, and a special frame assem- 
bly to apply torsional loads. The torsion-loading frame assembly (Fig. 1 and 2) consisted 
of two end beams held together by four 34-in. diameter tie rods, two cross beams which trans- 
mitted the loads to torque bands clamped on the ends of the specimens, a hydraulic jack to 


a a eee See ee 
Sse SIS teee iene ieneae 
—SS= 


Fig. 1—Specimen set up in testing ma- 
chine, with end view of loading frame END 
assembly detailed at right 
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apply the load to one of the cross beams, and a proving ring to measure the applied load. 
The diagonally opposite cross beams were loaded in such a manner that the end reactions 
formed opposite couples at each end of the specimen. These couples were transmitted through 
the torque bands to the specimen. 


To eliminate frictional restraint to rotation at the end of the specimen special thrust-bearing 
assemblies were used. Each thrust-bearing assembly consisted of a Rollway Precision T-46 
thrust bearing mounted on a base with a short centering shaft, and modified by replacing the 
rollers with 96 chrome alloy steel 34-in. diameter bearing balls. The amount of frictional 
resistance to rotation offered by the thrust bearings was measured as a function of the thrust 
in several calibration tests and the torque required to produce first slip in the bearings was 
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Fig. 3—Thrust bearing friction 
at first slip re 


AT, kip-in 


50 100 150 
AXIAL LOAD, kips 


called the “slipping’’ torque. The relationship between slipping torque and axial load is 
shown in Fig. 3. 


Test procedure 


Specimens were scheduled for test at the age of 28 days. In some cases due to unforeseen 
experimental difficulties testing was delayed from 1 to 4 days.* 

On the day scheduled for testing, the specimens were removed from the fog room and kept 
damp by wet burlap covers. The ends of tubular specimens and control cylinders were capped 
with hydrostone using 1 in. thick steel bearing plates. In all cases tubular specimens and 
control cylinders were tested at the same age. 

Pure compression—Tubular specimens were tested in a 400-kip Baldwin Southwark uni- 
versal testing machine at a loading rate of approximately 15 kips per min. 


Torsion bands were positioned 171% in. apart by means of a spacer, and four bolts, 14 in. 


_ in diameter, were used to’clamp the bands in place. To prevent slipping of the bands the 


bolts were tightened until the tension in them was approximately equal to yield strength. 


Pure torsion—The torsion loading assembly was supported on two steel tables, one on each 
side of the testing machine. The jack, proving ring, cross beams, and end beams were aligned 
using a plumb bob, combination square, level, and special alignment strings. The load was 
applied gradually by pumping the hydraulic jack manually, the total time of loading to failure 
being approximately 5 min. 

Compression combined with torsion—Specimens were placed in the testing machine and the 
torsional loading frame was aligned as described above. Two types of loading were used. 
Using sequence type of loading, the specimens were first subjected to a predetermined amount 


of an axial compressive load—a portion of nominal compressive strength of the specimen— 


and then subjected to torsion until failure took place. The total time to produce failure was 


_ approximately 5 min. Four specimens in Series III were subjected to proportional loading. 


The load increments are shown in Table 4. 


Control specimens—For each batch of concrete, six 3 x 6-in. cylinders and two 6 x 12-in. 


cylinders were prepared. The compressive strength of all the control cylinders was determined 
in accordance with ASTM C 39-44. One of the 6 x 12-in. cylinders was used to determine the 
_ stress-strain relationship up to about 80 percent of ultimate strength, and then the specimen 


was loaded to failure. To correlate the compressive strength of the mixes with the modulus of 
rupture for each mix, three 6 x 6 x 20-in. beams were made and tested at 28 days under third- 
point loading. All control specimens were cured under the same conditions as the test speci- 


_ mens. Results of control specimen tests are shown in Table 5. The relationship between the 


compressive strength of the 3 x 6-in. cylinders and 6 x 12-in. cylinders appears to be in- 


*Thirty-nine specimens were actu: tested at 28 i 1 
Gaye and athe ae ally tested a days, seven were tested at 29 days, 12 at 30 days, one at 31 
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TABLE 4—PROPORTIONAL LOADING 


Load increments, percent of load at failure, for specimen indicated 


III 3TC.4P III 3TC.8P III 4.5TC.4P III 4.5TC.8P 
Compression Torsion Compression Torsion Compression Torsion Compression Torsion 
18 11 18 12 21 14 21 12 
37 22 37 25 41 28 41 24 
56 33 56 38 62 42 62 36 
74 (55) 74 63 83 70 83 59 
100 100 100 100 100 100 100 100 


fluenced by richness of mix and water-cement ratio as shown in Fig. 4. The ratios of 3 x 6-in. 
to that of 6 x 12-in. cylinder strengths are 1.21, 1.11, and 1.06 for water-cement ratios of 
0.41, 0.52, and 0.69 respectively. In view of this variation, test data obtained in this study 
are correlated with both the 3 x 6-in. and the 6 x 12-in. cylinder strength. 


Measurements and stress calculations 

Outside and inside diameters of each tubular specimen were determined at several points 
at each end and the average value was calculated for the specimen. The total torque T applied 
to the specimen at failure was determined as the couple formed by the cross-beam reactions 
to the jack load. The torque AT resisted by friction at each end was assumed equal to the 
slipping torque at a given compression load P, and was determined by calibration. The net 
torque on the specimen was defined as T, = T — AT. 

Compressive and shearing stresses were calculated from conventional equations: 


oo =P TA 
iWin <8 Nar den eeriea One aiorcmtcna ee gto: akc (0) 
me Satie iy! 


where « = average compressive stress, and r = maximum shearing stress at the outer sur- ~ 


© 3x6IN. CYLINDERS, AVERAGE OF 60 SPECIMENS 
(10 CASTINGS, 6 CYLINDERS FROM EACH ) 


O 6x12 IN. CYLINDERS, AVERAGE OF 20 SPECIMENS 
(10 CASTINGS, 2CYLINDERS FROM EACH) 
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Fig. 4—Compressive strength 2000 a : i. : : : 


of 3x6-in. and 6x12-in. ™ GALLONS PER SACK 
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face of the cylinder. Strain measurements made in a previous study indicated that linear 
shearing stress distribution is valid for pure torsion specimens. It is assumed that linear 
shearing stress distribution is also valid for the combined loading conditions. Also, the ratio 
of average shearing stress to maximum shearing stress is 0.83:1.00, indicating reasonably 
small variation in stress distribution across the thickness. Therefore, the maximum nominal 
shearing stress r was used as an indication of shearing stress in concrete. Calculated values of 
compressive and shearing stresses at failure are shown in Table 6. 


Modes of failure 


After completion of each test the specimen was photographed, taking 
two or more views of the failure, so that a complete record of the types of 
failure was obtained. The five principal modes of failure are illustrated in 
Fig. 5. 


==----4! 


“(c) ; (d) : ; . le) 


Fig. 5—Modes of failure 


in”. 


_ AVERAGE 434 j = 660 


COMBINED STRESSES 329 


The specimens loaded in pure compression exhibited two modes of failure: 
one was splitting along vertical planes, indicated by vertical cracks in Fig. 5a, 
and the other was failure along somewhat inclined planes as shown in Fig. db. 
No consistent correlation between type of failure and nominal compressive 
strength of concrete could be noted. In some cases, due to the presence of 
torque bands, a secondary failure was observed, such as transverse circum- 
ferential splitting, accompanied by crushing of concrete and spalling along a 
somewhat inclined plane within the thickness of the tube (Fig. 5a). 


The specimens loaded in pure torsion failed by splitting along the heli- 
coidal surface making an angle somewhat less than 45 deg with the longitudinal 
axis (Fig. 5c). 

Two types of failure occurred in specimens subjected to combined com- 
pression and torsion. One, shown in Fig. 5d, consisted of two principal cracks; 
a steep one inclined approximately 15 deg to the longitudinal axis, and 
another making an angle of approximately 45 deg with that axis. The in- 
clinations of the cracks varied with the relative magnitudes of the com- 
pressive load, but no consistent relationship between angle of inclination of 
the crack and the loading condition or the nominal compressive strength of 
concrete could be noted. Furthermore, it was not apparent which of the 
two cracks formed first and which was secondary. Another prevalent type of 
failure was that of complete and sudden breakdown along several planes, 


TABLE 5—AVERAGE STRENGTH OF CONTROL SPECIMENS 


Compressive strength 


Compressive Compressive Compressive 
strength, psi strength, psi , strength, psi 
Specimen Specimen Specimen : - 
No. 3x6-in. | 6 x 12-in. = VNo: 3x 6-in. | 6 x 12-in. No. 3 x 6-in. | 6 x 12-in. 
cylinder cylinder cylinder cylinder cylinder cylinder 
E23 3140 2910 I 4.5C 4850 4070 KOC: 6520 5280 
II 3C 2890 3020 II 4.5C 5080 4610 II 6C 6560 5770 
_ — — —_— — —- III 6C 6130 5300 
1 3L 3270 3070 Il 4.5T 5030 4350 TER 6500 5380 
III 3T 3440 2960 III 4.5T 4910 4510 III 6T 6310 5060 
It 3TC.2 3130 2990 Il 4.5TC.2 4850 4250 II 6TC.2 6350 5020 
III 3TC.2 2830 2820 —_ — — -- — — 
Il 3TC.4 3130 2840 Il 4.5TC.4 4230 4310 Il 6TC.4 6210 4960 
Ill 38TC.4 3220 3060 III 4.5TC.4P 4620 4360 III 6TC.4 5940 5230 
— — — III 4.5TC.4A 4900 4330 —- —— — 
II 3TC.6 2940 2740 Il 4.5TC.6 4580 4100 II 6TC.6 5980 5040 
III 3TC.6 3130 2950 III 4.5TC.6 4990 4450 III 6TC.6 6010 4840 
II_ 3TC.8 3070 2900 IL 4.5TC.8 4980 4150 Il 6TC.8 6340 5420 
III 3TC.8 3220 3060 III 4.5TC.8A 4990 4450 III 6TC.8 6010 4840 
— — — III 4.5TC.8P 4620 4360 — oo — 
AVERAGE 3120 2940 4820 4330 6240 5180 


Flexural strength 


3000-psi mix 4500-psi mix 6000-psi mix 
i Modulus of Modulus of F Modulus of 
ees iets, psi Specimen No. rupture, psi Specimen No. rupture, psi 
3-A 438 B 4.5-A 656 B 6-A 792 
5 3-B 432 B 4.5-B 702 —B6-B 748 
B 3-C 431 B 4.5-C 619 B 6-C 743 


# 761 
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TABLE 6—CONVENTIONAL COMPRESSIVE AND SHEARING STRESSES AT FAILURE* 


i inal st th, Nominal strength, 
oo aa ae os O00 ta 
Specimen o T i) ~ Specimen o T Specimen o T 
3 A| 2950 — |r 45c Al 4240 eae yoy ms 
toe eB are om B| 4450 = B| 4430 ie 
3030 -- Il 45C A 4080 _- II 6C A 5570 — 
Seine B 3000 — ! B 4320 _- B 6210 — 
_- ~- III 6C A 5980 — 
rn call B 5620 _ 
iP Gh A —_ 200 II 4.5T A -- 210 Il 6T A _ 340 
: B —_ 200 B _- 280 B — 270 
3T A — 270 III 3T A oo 400 Ill 6T A — 460 
cj B = 240 B 340 B — 460 
II 3TC.2A 610 440 II 4.5TC.2A 830 430 Il 6TC.2A 1180 850 
B 610 430 B 830 490 B 1180 790 
III 3TC.2 A 610 440 a = 
B 610 560 _ _ 
Il 3TC.4A 1220 660 Il 4.5TC.4A Il 6TC4A 1660 
B 1220 660 B 1660 920 B 1660 870 
III 3TC.4 P 1220 660 III 4.5TC.4P 1670 830 Ill 6TC.4 A 2350 1080 
A 1660 990 B 2350 1200 
II 3TC.6A 1830 570 II 4.5TC.6A 2490 920 II 6TC.6A 3500 880 
B 1840 740 B 2510 1150 B 3520 1080 
Ill 3TC.6 A 1830 680 III 4.5TC.6A 2490 1070 Ill 6TC.6 A 3540 1170 
B 1840 830 
Il 3TC.8 A 2460 660 II 4.5TC.8A 3370 800 Il 6TC.S8A 4740 800 
B 2440 720 B 3340 1020 B 4700 1000 
III 3TC.8 P 2440 790 Ill 4.5TC.8A 3350 1130 Ill 6TC.8 B 4710 1070 
P 3320 490 


*o = compressive stress, psi; 7 = shearing stress, psi. 


as shown in Fig. 5e. The specimen disintegrated into numerous pieces. 
This type of failure was particularly prevalent for the 6000-psi concrete under 
practically all combinations of compression and torsion. It was not limited 
to the 6000-psi concrete, however, as specimens of other concretes subjected 
to high proportions of compressive failure load also exhibited a similar type of 
failure. 


DETERMINATION OF A FAILURE CRITERION FOR PLAIN CONCRETE 
Introduction 
In formulating a law of strength under combined states of stress, agree- 
ment must be reached as to what constitutes failure. Criteria such as yield- 
ing, initiation of cracking, load carrying capacity, and extent of deformation 
have been used to define failure. The type of specimen and type of test have 


an appreciable influence on the resulting type of failure and therefore corre- 


lation of tests in which the various definitions of failure have been employed 


_is difficult. Furthermore, the application of criteria based on test specimens 


to full size structural elements is made difficult by the necessity of a defini- 
tion of failure for both test specimen and full size element, which definition 
need not be the same for each. In this investigation failure is defined as the 
ultimate load carrying capacity of the test specimen. This seems reasonable 
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in view of the statically determinate nature of the stress distribution up to 
and including failure. Determination of microcrack formation, yielding, or 
measurement of limiting strain (difficulty intensified by creep and _ plastic 
flow) all seem to be less desirable indicators of failure for concrete specimens 
used in this study. Ideally, in any program designed to establish the effect 
of state of stress on strength of concrete, the law defining failure should be 
capable of predicting strengths of different types and sizes of test specimens. 
This problem involves the nature of loading, boundary conditions at loaded 
surfaces, stress distribution at critical sections, stress or strain rate, and stress 
history of specimen including effects of curing and shrinkage. Although 
these factors per se may not affect the actual application of the failure law 
to structural elements, they are determinative in explaining and correlating 
test data taken from various sources. 


The nature and structure of the material must be identified. In concrete 
the physical and mechanical properties of the aggregate and of the cement 
paste, and the nature of deformations and of volume changes due to tem- 
perature or shrinkage are significant factors affecting the behavior of the 
material. Obviously the mix proportions must also be included. 


Notation 
The letter symbols used in this report are generally defined when they 
are introduced. The most frequently used symbols are listed below for con- 


venient reference. 


ratio of internal moment arm to effec- 


A. = cross-sectional area, or numerical co- j = 
efficient tive depth d 
A, = effective area resisting shear J = polar moment of inertia 
A, = area of longitudinal reinforcement k = ratio of depth of compression zone to 
aq = shear span; normally distance between effective depth d 
support and applied concentrated load M = bending moment 
b, d = width and effective depth of rectangu- DT ager: (A./ ba) 
. ‘ P = axial load 
a ein qpepeenvely : [ = tension force due to internal moment 
C= compression force due to internal mo- copie 
ment couple V, = measured shearing force at failure, 
f. = compressive strength of 6 x 12-in. con- based on test results 
crete test cylinders V, = calculated shear force at failure, based 
f,/’ = compressive strength of 3 x 6-in. con- on shear criterion 
crete test cylinders V; = calculated shear force at failure, based 
fy. = yield strength of longitudinal rein- on flexure criterion 
forcement o = normal stress 
I, Is, Tz = principal stress invariants + = shearing stress 


~ Review of failure theories 


In addition to the review of theories of failure applicable to concrete found 
in Reference 1, the following experimental investigations are cited. 

A series of biaxial compression tests of 15-cm concrete cubes conducted 
by Wastlund? indicates that the intermediate principal stress is determinative 
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in the failure of the specimen, thus contradicting the Mohr theory for biaxial 
states of stress in the compression-compression quadrant. 


McHenry and Karni* conducted tests on hollow plain concrete cylinders 
subjected to hydrostatic pressure and axial compression. The results of this 
study are generally in agreement with the failure law proposed by the authors.! 


Invariant formulation of failure laws 


A failure criterion based upon state of stress must be an invariant function 
of the state of stress, that is, independent of the choice of the coordinate 
system by which stress is defined. One method of representing such a func- 
tion is to utilize the principal stresses. Thus, F(¢;, 2, ¢3,) = 0 is frequently 
used to indicate the general functional form of failure law, the actual determi- 
nation of the function being left to theoretical conjecture or experimentation. 
However, unless some restriction is placed on the function, considerable 
difficulty is experienced in accomplishing such an experimental determination. 
In the past, to give a few examples, the function has been associated with 
the normal and shear stresses on the plane of failure neglecting the influence 
of the intermediate principal stress, or with effective stress, or with assumed 
expressions based upon experimental data. 


In the general case of a polydimensional state of stress this method of 
establishing a failure law is particularly difficult to pursue since three inde- 
pendent parameters, the principal stresses, are involved. Furthermore, 
it is difficult to supply a physical explanation of failure on this basis. 


An alternative way of describing a failure law has proved useful. It is 
known that any invariant symmetric function of the state of stress (e.g., a 
criterion of failure) can be expressed in terms of the three principal stress 
invariants. Thus, one can write 


PAL Ta, Eg) st Oe: 5 ogee ea ee (2) 
where 
i= 0, +02 + a3 
Ig oes Hoses taser} occ. cece ccc cece ccee, (3) 
T; = 071 02 03 


In formulating criteria for yielding of ductile materials subjected to com- 
bined states of stress it has been found that other invariants of the state of 
_ Stress, which of course can be formed by proper combinations of the principal 

invariants, are more susceptible of physical interpretation. An explanation 
of such invariants which is independent of the properties of a specific ma- 
terial or class of materials is contained in a paper by Novozhilov.* It seems 
reasonable, therefore, to utilize these invariants in formulating a law of 
failure of a brittle material such as concrete. 
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Mean shearing stress and mean normal stress 

The concept of mean stress seems particularly attractive because it pro- 
vides a physical interpretation of invariants used. Consider an infinitesimal 
spherical element of volume. At any point on the surface of this element 
the state of stress can be expressed in terms of a shearing stress r, and normal 
stress o,. The mean value of the shearing stress can be based upon stresses 
existing on all possible planes of orientation through the point by carrying 
out the averaging process over the spherical surface. Although shearing 
stress can be either positive or negative, the sign has no significance with 
respect to physical mechanism of failure, and it is expedient to take the 
average in the sense of the root mean. Thus, 


Lim = als 
Ta s0 le ai is See OR CMD eS CEL eS CNS ET NY OC (4) 


where S denotes the surface of the spherical element of volume. Carrying 
out the indicated operations leads to Eq.(5). 


1 4 
Te. = Sp |: — a2)? + (o2 — 03)? + (a3 ? “| Dyer, Oy cgcach 50 (5) 
V 15 


or in terms of the principal invariants, 


= % 
ee (ZZ I2= us| Sent e tee ee (6) 
15 


In the case of the normal stress o, on the surface of the spherical element 
the sign of the stress is significant, ie., whether the stress is tensile or com- 
pressive certainly influences the mechanism of failure. Accordingly the mean 


stress can be defined by Eq.(7). 


i il 
Pee us E fe i as| ig en ee (7) 


Evaluation of this expression gives 


1 
raya ton hea at SNe eS 1 eee EE oan (8) 


The third “plasticity” invariant has been shown by Novozhilov to represent 


the ratio of the mean shearing stress to the maximum shearing stress, which 
effect on the formulation of a 
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failure law would be of secondary importance. Consequently, it is possible 
to write a failure law in the form 


_ F (6m 72) = 0 
Lt tT (oa) 


For an isotropic, elastic, ductile material following Hooke’s law it is well 
known that experimental evidence discloses an independence of o, and Ta 
for the condition of yielding: futhermore, r, is directly proportional to the 
energy of distortion. However, for materials such as concrete, it does not 
appear to be expedient to interpret 7, in terms of elastic energy. It is more 
suitable to seek a physical interpretation of the parameters o, and 7, that is 
independent of the properties of a specific material or class of materials. 


Finally, the failure criterion in the form 7, = f (ca) accounts for the effect 
of the intermediate principal stress o2, and thus is a natural generalization 
of the Mohr theory of failure which neglects its effect, and whose importance 
for concrete has been shown in the experiments of Wastlund, among others. 


The form of the function f (¢) is left to experiment. In this investigation 
two trial functions have been utilized, a linear equation and a quadratic 
equation. Which form is preferable is a question that additional substantiat- 
ing tests and applications of the theory to structural elements will ultimately 
have to answer. 
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4500 psi CONCRETE 
6000 psi CONCRETE 
1952 TEST DATA (3000 psi CONCRETE) 
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Fig. 6—Relationship between normal and shearing mean stresses at failure 
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Test results 


As noted elsewhere most of the specimens tested in this program were 
subjected to sequence loading. As seen from Table 6 the specimens tested 
under conditions of proportional loading (designated by “P”’) did not show 
any significant variation from those tested under the sequence loading. There- 
fore, no distinction is made between the two types of loading. Mean stresses 
defined by Eq.(5) and (8) were calculated and are listed in Table 7. 


TABLE 7—MEAN COMPRESSIVE AND SHEARING STRESSES AT FAILURE* 


Nominal strength, Nominal strength, Nominal strength, 
3000 psi 4500 psi 6000 psi 
Specimen Ca Ta Specimen Ca Ta | Specimen Ca Ta 

i 3C A 980 1040 |I 45C A 1410 1560 |I 6C A 1720 1900 

B 930 1030 B 1480 1640 B 1480 1630 

II 3C A 1010 1120 |II 4.5C A 1360 1500 {II 6C A 1860 2050 

B 1000 1100 B 1440 1590 B 2070 2290 

III 6C A 1990 2200 

B 1870 2070 

Ts £ A —_ 130 \Ti 45T A —_ 140 FRG A — 220 

B — 130 B -- 170 B —- 170 

III 3T A — 170 =|\IIL 3T A — 260 (III 6T A — 290 

B —_— 150 B — 220 B — 300 

II 38TC.2A 200 360 II 4.5TC.2A 280 410 [II 6TC.2A 390 670 

B 200 360 B 280 410 B 390 670 
III 8TC.2 A 200 360 — — 
B 200 420 — _ 

Il 3TC.4A 400 620 |II 4.5TC.4A Il 6TC4A 550 830 

B 400 620 B 550 850 B 550 830 

III 3TC.4 P. 400 620 {III 4.5TC.4P 560 820 II16TC.4A 780 1100 

A 550 880 B 780 1160 

II 8TC.6A 610 760 {II 4.5TC.6A 830 1090 {II 6TC.6A 1170 1410 

B 610 830 B 840 1170 B 1170 1470 

III 3TC.6 A 610 g00 (III 4.5TC.6A 830 1140 IIIT 6TC.6A 1180 1490 
B 610 860 _— — 

It 3TC.8 A 820 1000 [II 4.5TC.8A 1120 1340 {Il 6TC.8A 1580 1820 

B 810 1010 B 1110 1390 B 1570 1860 

III 3TC.8 P 810 1030 {III 4.5TC.8A 1120 1420 ©=(|II1 6TC.8 B 1570 1860 

P 1110 1360 


* oq = mean compressive stress, psi; Ta = Mean shearing stress, psi. 


The experimental data indicating the relationship between mean normal 
and shearing stress-ratios is shown in Fig. 6. Points represent average values 
for a group of similar specimens and the shaded area represents the scatter 
of the data. The experimental data can be closely approximated by a quad- 


ratic parabola of the form: 


where co, and f, are taken positive when compressive. The lower bound 


: zs - of the test data is approximated by a straight line, Fig. 6. Numerical values 
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of coefficients A, B, and C in Eq.(10) determined empirically from data 
shown in Fig. 6 are given below. 


Numerical coefficients 


Criterion —_ — 
A | B C 
Based on 6 x 12-in. cylinders, f. = f.’ 
Parabola 0.050 1.224 0.826 
Straight line 0.050 0.949 0 
Based on 3 x 6-in. cylinders, f. = f.’’ 
Parabola 0.045 1.274 1.160 
Straight line 0.04 | 0.941 0 


For the special case of shearing stress 7 combined with uniaxial compression 
o the failure criteria defined by Eq.(10) can be transformed into equations 


relating conventional shearing and normal stress-ratios by substituting the 
following 


o ) 
7. = 


d 
ae ta = 0.366 (0? + 3 22) | 


fo -STRENGTH OF Y © 3000 psi CONCRETE 
eo ey eas 4 4500 psi CONCRETE 
o 6000 psi CONCRETE 


© 1952 TEST DATA 


Fig. 7—Shear-compression strength 
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The transformation leads to an equation of the form: 


T o o 2 @ NS o \t |% 
—= 0.1] A’ + B’ {| — ot — Ph (es pe pees 
ft | Ge @ Rae ee +e (*)'] sates 


where the numerical coefficients for the failure criteria in terms of conventional 
stresses are given below. 


, Numerical coefficients 
Criterion 
BA B! (Ol By E' 
Based on 6 x 12-in. cylinders, 
fe = ‘oe 
Parabolic. 0.62 10.10 5.80 —18.60 +2.09 
Straight line 0.62 7.86 —8.46 0 0 
ee on 3 x 6-in. cylinders, 
(ae ae dike 
Parabolic 0.50 9.50 8.63 —27.20 4 13 
Straight line 0.50 7.01 —8.85 0 0 


The test data in terms of conventional stresses ¢ and rt and the empirical 
curves based on Eq.(12) are shown in Fig. 7. 
Discussion 

Taking into account the scatter of the data it is desirable to select a con- 
servative failure criterion such as the “straight line” criterion, which can be 
expressed in terms of c, 7, and f.’ as follows: 


T o o \2 |% 
= = 0, .62 SG aca AO aa ee aes Geo tint mie 13 
rr 1 k aL ( <) ( | | (13) 


where ¢ and 7 are normal and shearing stresses at failure, and f,’ is the nominal 


compressive strength of 6 x 12-in. control cylinders. 
For specific states of stress this criterion gives the following values: 


State of stress o T 
Pure compression ae 0 
Pure shear 0 0.080 f.’ 
Pure tension —0.076 f,’ 0 
“Maximum” shearing strength 0.4 fe! 0.156 fic’ 


Strength obtained from the proposed straight line criterion is in reasonably 
good agreement with the test data for the “pure” states of stress of com- 
} din reasonable agreement with the pure tension strength 
as obtained by various experimenters. The value of maximum shearing 
strength +r = 0.156 f.’ when compressive stress o is within the range of 0.3 


to 0.6 f’ is quite conservative. Test results indicate that shearing strength of 
0.2 f,’ can be developed under these conditions. 
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The limitations of the proposed criteria are as follows: strength is defined 
as maximum load carried by the test specimen; criteria are applicable to 
biaxial states of stress varying from pure shear to pure compression; criteria 
are not applicable to biaxial compression states of stress or to triaxial states of 
stress; duration of loading to failure is approximately 5 to 10 min; concrete 
is in a relatively wet condition; the physical characteristics of the ingredients 
(cement, sand, and coarse aggregate) and the mix proportions are similar to 
those used in this study. Within the limitations of this investigation the 
proposed criterion is in good agreement with test results. 


APPLICATIONS OF FAILURE CRITERION 


To determine strength of reinforced concrete structures under various 
conditions, of loading and environment on a rational basis, the following 
problems must be considered: (a) stress distribution in uncracked and cracked 
reinforced concrete structures and (b) criteria of failure of plain concrete 
under various conditions of stress and environment. Solution of these prob- 
lems would lead to the clarification of the mechanism of crack propagation 
and failure in concrete structures. 


Determination of stresses around cracks in concrete and in the reinforce- 


ment of concrete structural elements cannot be accomplished by the conven-’ 


tional flexure theory and very little work has been done to define these more 
accurately. Westergaard’s work® is limited to stresses around a vertical 
crack due to pure flexure of beams, Wastlund’s work’ dealing with cracking 
of reinforced concrete beams is not primarily concerned with stress distribu- 
tions, and Saliger’s work® deals primarily with bond stresses. If the stresses 
in reinforced concrete elements could be defined with an adequate measure of 
precision then failure criteria developed earlier in the paper could be applied 
to define conditions governing crack propagation and ultimate collapse of the 
structure. 


As an indication of the possibility of applying the failure criteria developed 
in this study, a new method of determining the ultimate shear strength of 
reinforced concrete beams without web reinforcement. is proposed. This 


method is limited to rectangular beams subjected to concentrated loads, and — 


so proportioned that the shearing failure loads approach the flexural capacity 
of the beam. Beams so proportioned would seem to define a reasonably 
balanced design, as beams without web reinforcement having flexural ca- 
pacities greatly in excess of shearing strength are evidently overreinforced 
in flexure or perhaps more precisely underreinforced in shear. 


To simplify the determination of the ultimate shearing strength, the follow- 
ing conventional assumptions are made: 


1. Concrete cannot resist tension; 
2. Tension reinforcement does not transfer shear; and 
3. Failure occurs by the destruction of the compression zone. 


7 


— - slits ta Se ee ee 


wy 
“A 


a 


COMBINED STRESSES 339 


The stresses in the shear-compression zone at loads approaching the ulti- 
mate vary throughout the depth kd of this zone (Fig. 8). The compressive 
and shearing stresses at a given point in concrete are o and 7, respectively, 
and the stress in the steel reinforcement at the critical crack is fs. 


Assuming that the stresses o, r, and f, can be defined in terms of external 
forces, geometry of cross section, rate of loading, and material properties, 
and that the failure criterion 7 = f (c) is known, three hypotheses of failure 
are possible. 


1. It is possible to assume that failure occurs when o and 7 at some critical point 
satisfy the failure criterion. In this case the criterion 7 = f (7), may be dependent on 
the nature of stress distribution, and the critical point would be defined for particular 
stress distribution. 

2. It is also possible to assume that ultimate failure occurs when o and 7 satisfy the 
failure criterion at all points. In this case, the failure criterion may also be dependent 
on the nature of stress distribution. 

3. Finally, a simple assumption can be made that failure occurs when the average 
stresses ¢ and r satisfy the failure criterion 7 = f («), where o and 7 are defined as: 


T= ae Hoel Rca Rech AD cu eT De Oe Ra ve ee eee .(14) 
and 

Ss C 

c= i mest Ocoee ee Ae bce Or career at (15) 


where V,,, is the ultimate shear on the section, A, = portion of the cross section effective 
in resisting shear V,, and compression force C, and C is the compression force due to 
moment on the section, such that C = M/jd (Fig. 8). 


If the average normal stress ¢ at loads approaching failure is known, then 


7 ean be determined from failure criterion 7 = f (¢) defined by Eq.(13), and 
the shearing strength V, can be determined from Eq.(14), if the effective 


area A, is known. 

Determination of ¢ and A, depends on the mechanism of failure. Two 
types of failures have been observed in beams failing in shear. The so-called 
diagonal tension failure is characterized by formation of a large diagonal 
crack followed almost immediately by crushing of the concrete in the com- 


SHEAR-COMPRESSION ZONE 
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Fig. 8—Shear failure in a 
simply supported beam 
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pression zone. This type of failure occurs in beams of intermediate length. 
The so-called shear-compression failure is characterized by formation of a 
diagonal crack which gradually flattens out, extends into compression zone, 
and finally causes crushing of concrete. This type of failure usually occurs 
in relatively short beams. 

It has been observed that for beams considered here ultimate shearing 
failure occurs in the compression zone at some undetermined section a dis- 
tance a from the support (Fig. 8). Furthermore, the mechanism of failure®.1°." 
for the class of beams described above is such that the following assumptions 
appear to be reasonable: 


1. The longitudinal reinforcement stress f, at the critical crack is approximately 
equal to the yield strength f, of the reinforcement. This assumption appears to be valid 
for beams with moderate amounts of longitudinal reinforcement, 0.02 > p > 0.01, made 
of mild steel with a yield point stress f, < 50 ksi, and with a large yield-strain range. 
For beams with small amounts of reinforcement the stress f, may be in a strain-hardening 
region where f, is greater than f,, and for beams with high percentage of reinforcement, 
or reinforced with steel which has no well defined yield strength, the stress f, may be in- 
determinate, i.e., f, may be greater or less than fy. 

2. Average stress c in the compression zone is approximately equal to the com- 
pression stress developed in plain concrete prisms failing in flexure. Recent experi- 
mental studies'? indicate that this can be approximated by 


— 3900 + 0.35 f- _, 
pease aT ir ee ee (16) 


This assumption appears to be valid for beams with concrete strength greater 
than 3000 psi. For low values of f,’ the value of ¢ may exceed f,’ hence Eq. 


(16) does not appear to be a reasonable approximation for when f.’ is less 
than 3000 psi. 


The effective area A, of the shear compression zone for rectangular beams 
is equal to bkd, and can be determined by setting C = 7, as follows: 


C=cA, =obkd=T =f, A, =f, pbd................ (17) 
Therefore 


where @ is given by Eq. (16), 
The ultimate shearing strength V,, is obtained from Kq.(14) as follows: 


PE Ee ae RE Ned 2 wee, 21D. (19) 


where + = f (¢) is determined either from Kq.(13) or from Fig. 7, and k is 
_ defined by Eq.(18). 

This procedure was used to calculate values of shearing strength V,, for 
54 beams tested in the recent studies at the University of Illinois, as shown 
in Tables 8 and 9. These beams were selected on the basis of sufficiently 


~ 
~ 


beams exhibited typical shear com- 
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large span/depth ratios so that the TABLE 9—SELECTED BEAM TEST DATA* 


pression failures. It can be seen from jean | ie = + 
the tables that the method is valid for Foy, | 660 aan Oa ian 
beams having concrete strengeia (, ree) hie Py oe ade 
greater than 3000 psi, and percent and. , ben ee nee ee 
type of reinforcement characterized ee ooo S200 1.08 1.0) 
by values of pfy in the range of 600 to ase Moe Ae a 
1000. Good agreement is obtained for 37 ae ae wey ree 
all of the 21 beams which meet the ®? gov ot28 Oey ee) 
above limitations. The remaining 43 Ae aye eee Toe 
beams fall outside the range of } een ee ee ara 
validity of the method proposed here, 16 eon Gs eae Hate 
either because of amount of reinforce- {3 30° 2a. aes ae 
mént or low concrete strength. For {3 ney Sten ae te 
the 21 beams for which the method of  gs6n4 | 770 Ag es, 5258 
analysis applies, the average ratio Of 4 verage ae iS 


calculated shear strength to that ob- 
served in the test is 0.90, and the 
range of 90 percent of the values is 0.79 to 1.05. _ 

The shearing strength V, defined by Eq (19) is based upon quantities o 
and kd which for the beams considered here are derived from the assumptions 


*Refer to Table 8 for sources of data. 


=that f, =f, and o = f(f.'). Thus V,, is completely defined when the propor- 


tions of the beam b, d, and p, the loading conditions, and the material char- 
acteristics f, and f.’ are known. As expression for V, does not contain any 
empirical constants derived from beam tests, the agreement between the 
computed values of V,, and the test values V; serves as an independent check 
on the validity of the failure criterion. 

It may be argued that the assumption of f, = f, is tantamount to the 
assumption of flexural failure when maximum bending moment M, is 


M,, = Tid = (pfy bd) Jd = py bjd? 0... . eee (20) 


where jd is the lever arm of the internal resisting moment as defined by Hogne- 
stad, Hansen, and McHenry.” 


Neglecting the effect of beam weight, the shear V; at flexural failure 


where a is the distance from the support to the point of load application, 
usually called the shear span. Values of Vy have been computed for the 21 
beams and are listed in Table 9. The average value of V 7/V; is 1.22 with a 
range of 1.01 to 1.47. This is significantly higher than the average Vala 


i a of 0.90 with a range of 0.79 to 1.05 (based on 90 percent of the values), in- 


“tans, 
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dicating that for the 21 beams considered here the proposed method for de- 
termining shearing strength is in substantially better agreement with test 
results than the assumption of a flexural failure. 


CONCLUDING REMARKS 


Use of “mean” stresses appears to be a powerful tool for determining 
failure criteria. The particular criteria proposed here are valid only within 
the limits of state of stress, rate and duration of loading, and physical char- 
acteristics of the materials used in this investigation. 

It is evident that strength of concrete is a function of the state of stress 
and can not be predicted by limitations of tensile, compressive, and shearing 
stresses independently of each other. For example, concrete having pure 
compressive strength of f.’, and pure shearing strength of 0.080 f,’, would 
fail under compressive stress of 0.5 f.’ with the shearing stress increased .to 
approximately 0.2 f,’. Therefore, strength of structural elements can be 
properly determined only by considering interaction of the various com- 
ponents of the state of stress. Such conditions as shrinkage, restraint to con- 
traction or expansion, foundation settlements, duration of loading, and 
previous stress history, may have an important effect on the state of stress 
at the critical section, and must be carefully evaluated, particularly with 
respect to possible reduction of strength. 

The method proposed for determining shearing strength of beams is ap- 
plicable only to the special group defined here and is not expected to have 
general validity. Strength of concrete beams subjected to combined shear, 
flexure, and axial loads is dependent upon a large number of variables. Par- 
ticularly, the problem of determining stress distribution in these beams at 
failure awaits a rational solution. For a class of beams considered here the 
stress distribution was approximated with reasonable accuracy and ultimate 
loads observed in tests were verified using the proposed failure criteria. 

Of utmost importance in the method proposed here is the concept that 
the cross-sectional area effective in resisting shearing and normal stresses at a 
critical section is that of the uneracked zone. Thus, the conventional defini- 
tion of the nominal shearing stress »v = V/bjd, based on the nominal effective 
A = bjd is quite unsatisfactory because the actual effective area resisting 
shear is more nearly equal to A, = bkd. 

It follows that shearing stresses at the critical section may be considerably 
greater than the computed nominal stresses. Assuming approximate values 
of k and j as 34 and %, the ratio of actual shearing stresses to the nominal 
value may be equal to j/k or 7/3. Thus, when the calculated nominal shear- 
ing stress is equal to 0.03 f,’, the actual shearing stress may be equal to 0.07 
f-’. It is readily seen that this stress has a low factor of safety at a section 
where compressive stress is nearly zero, say at the point of inflection, and 
cannot be resisted at all at a section where slight tension may exist due to 


longitudinal forces induced by shrinkage, temperature variations, or other 
causes. 
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Title No. 55-21 


Economic Factors in Prestressed Lift-Slab 
Construction= 


By EDWARD K. RICET 


SYNOPSIS 


The use of prestressed concrete lift slabs to obtain substantial advantage in perform- 
ance of the slab is discussed. Items covered include cost trends in conventional versus 
lift-slab construction and factors affecting the economy of prestressed lift-slab construc- 
tion including building layout, structural framing schemes, use of precast columns, 
connections, and prestressing layout. 


INTRODUCTION 


The rapid growth in the use of prestressed concrete lift-slab construction 
in the southwestern part of the United States has clearly demonstrated the 
basic economy of this type of construction. To date, at least 41 structures 
involving 2,000,000 sq ft of prestressed concrete lift slabs have been built. 
An additional 3,000,000 sq ft of slabs are now known to be in the design or 
building stage. The completed structures range in size and occupancy from 
10,000-sq-ft industrial buildings with roof parking to a six-story state office 
building of 250,000 sq ft. 

A major factor in the success of prestressed concrete lift-slab construction 
is that the prestressing of the slabs and the lifting construction technique 
complement each other to provide many advantages not experienced when 


either is used alone. By prestressing the slabs, deflections experienced in 
reinforced slabs can be controlled and, by using lift-slab construction methods, 


the elastic and some of the plastic shortening of the prestressed slabs can con- 
yeniently be allowed for before the connection to the columns is made. 


THE LIFT-SLAB DEFLECTION PROBLEM 


In conventional cast-in-place reinforced concrete construction, it is common 
practice to camber the soffit forms sufficiently to allow for the dead-load de- 
flection of the slabs. However, in lift-slab construction, it is generally im- 
practical to provide sufficient camber in the grade slab, which is used as a 
soffit form, to allow for the dead-load deflection of a reinforced concrete slab. 


On some buildings, a waste slab has been cast on top of the grade slab to 


provide a cambered surface. On others, the reinforced concrete lift slabs 


*Presented at the ACI 10th regional meeting, Seattle, Wash., Noy. 6, 1957. Title No. 55-21 is a part of copy- 


igh’ r THE AMERICAN CONCRETE INSTITUTE, V. 30, No. 3, Sept. 1958, Proceedings V. 55. Separate 
fee er agalable at 50 cents each. Discussion (copies in triplicate) should reach the Institute not later than Dec. 
1, 1958. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. : , 
; +Member American Concrete Institute, Partner, T. Y. Lin and Associates, Los Angeles, Calif. 
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achieve satisfactory results economically with lift-slab spans greater than 18 


: flection plus any desired amount of the live-load deflection may be balanced 
_ slab on a flat grade slab and have it remain flat after lifting. 


span slab. In Fig. 1(a) is shown the stress diagram of the prestressing alone. 


_the slab to tend to camber upward a small amount. 


ay 
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Fig. 1—Bending stress at various stages 


have been made deeper and the reinforcing steel stresses reduced in an effort ° 
to minimize deflections in the slabs. These measures produce somewhat 
satisfactory results; however, when such measures are resorted to, some of the 
cost savings of lift-slab construction have been lost. 

Where particular care has not been taken to limit the deflection, reinforced 
lift slabs have deflected as much as 2 in. immediately after lifting, and, had 
additional supports not been provided, would have deflected more than 3 in. 

Experience indicates that only for spans of less than perhaps 18 ft are rein- 
forced lift slabs satisfactory in behavior and economical in construction. To 


ft, the slabs must generally be prestressed. 
By properly placing the prestressing tendons in a slab, the dead-load de- 


by the internal prestressing force. In this way, it is possible to cast a lift . 


Perhaps the simplest way of visualizing how the slab loads are balanced 
by prestressing force is to look at the bending stress diagrams for a simple 


The lower fibers at midspan are compressed. Fig. 1(b) shows the stress 
diagram after the slab has been lifted. In this case, the lower fibers are still 
compressed somewhat more than the upper fibers; this difference will cause 


A good design practice is to estimate the fixed portion of the live load and 
to design the slab so that it will be flat when the dead load plus the fixed por- 


‘ 
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tion of the live load is applied. This condition is shown in Vie. 1(e)he sin 
office-type buildings, it has been found by weighing the actual contents and 


dividing by the area that the fixed portion of the live load is only about 8 lb 


per sq ft. 

In Fig. 1(c), the stresses in the lower fiber and the upper fiber are the same, 
and since the compressive shortening in the upper and lower fibers is equal 
there is no bending in the slab at this point. If the bending stress distribution 
is rectangular at every point in the slab, then the slab will be flat under the 
given loading condition. With a rectangular bending stress distribution in 
the slab, the effect of plastic flow does not cause the slab to deflect with time 
as a reinforced slab does. Since the stresses in the upper fiber of the slab 


~ are the same as in the lower fiber, the amount of plastic shortening will be the 


same along both fibers and the slab will remain flat. 

When the full live load is applied to the slab, the bending stress diagram 
may look like Fig. 1(d). Under this condition, the slab will have some de- 
flection; however, upon removal of the load, complete recovery should be ex- 
perienced. Under full live load it is often good practice to allow a certain 
amount of tension in the slab. If no tension is allowed under the design 
live load, the slab will have excessive compression in the lower fibers. This 
condition will tend to camber the slab upward. The amount of allowable 


tension will vary depending upon the ultimate strength of the slab and other 


considerations. 

Field measurements of deflections of prestressed flat slabs have been made 
both immediately after lifting and at intervals after the building was com- 
pleted. These measurements have shown that properly designed prestressed 
slabs have little if any noticeable deflection. Similar measurements on con- 
ventionally reinforced lift slabs have shown objectionable deflections which 


increase with time. 


COMPARISON OF COST TRENDS: CONVENTIONAL CAST-IN-PLACE 
CONSTRUCTION AND LIFT-SLAB CONSTRUCTION 


with new construction methods, in which seemingly large 
advances in technology are being made on each project, it is of interest to 
compare the relative cost of conventional methods against the new methods 
to see if the advancing technology is really reducing the cost to the owner. 


To make such a comparison, a typical building bay of 500 sq ft has been 
chosen. For conventional construction, a 914-in. slab was assumed, with 6 Ib 
of reinforcing steel per sq ft anda 12 in. square column 12 ft high. For the 
prestressed concrete lift-slab structure, a 6-in. slab with 1 lb of prestressing 
steel plus 0.5 Ib of regular reinforcing steel per sq ft with either a 12-1. square 
precast. concrete column or a standard steel wide flange column were used in 


estimating the material and labor. Applicable unit cost figures for the San 
952 through 1957 were assembled. From these 


When working 
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TABLE 1—COST COMPARISON OF CONVENTIONAL CONSTRUCTION AND 
PRESTRESSED LIFT-SLAB CONSTRUCTION* 


1957 1954 . 1952 : 
eee Aces WS ee : 
tity required Unit cost Unit cost Unit cost 
Aen ideo z Pe we Unit | per sq ft of Unit per sq ft of | Unit per sq ft of yi 
slab price slab price slab price s| - 
Conventional construction: 9}4-in. slab; 6 lb steel per sq ft; 500 sq ft per column; 12 x 12-in. column, 12 ft high 
oe 
FORMS 
Plywood 0.5 sq ft 14.91 (0.075 14.91 0.075 12.30 0.062 
Shores 1 fbm 83.00 (0.083 | 62.00 0.062 | 76.00 0.076 
Labor 0.1 man-hr 3.45 |0.345 | 2.90 {0.290 |} 2.45 |0.245 
CONCRETE 
Material 0.03 cu yd 12.75 (0.385 12.15 0.370 10.30 0.310 
Labor 0.08 man-hr 2.42 10.200 2.075 (0.166 1.70 0.136 
REINFORCING ; 
Material 6 lb 0.091 (0.550 0.0685 |0.410 0.0650 |0.390 
Labor 0.0685 man-hr 3.50 |0.240 3.075 (0.210 2.70 0.185 
COLUMNS ; 
Steel—Labor 0.043 man-hr 3.50 (0.015 | 3.075 (0.013 | 2.70 {0.011 
—Material 0.29 lb 0.091 0.027 | 0.0685 (0.020 0.0650 0.019 
Concrete—Labor 0.0033 man-hr 3.45 |0.011 | 2.90 (0.010 2.45 |0.008 
—Material 0.001 cu yd 12.75 {0.013 } 12.15 {0.012 10.30 §=|0.010 
1.944 | 1.638 1.452 
Prestressed lift-slab construction: 6-in slab; 1 1b prestressing steel and 0.5 lb mild steel per sq ft; 500 sq ft per column; 
12 x 12-in. column, 12 ft high 
$$$ eee 
FORMS (no edge forms above) 
CONCRETE 
Material 0.0185 cu yd 12.75 |0.235 12.15 0.225 ‘10.30 0.190 . 
Labor 0.039 man-hr 2.42 |0.095 2.075 (0.08 1.70 0.066 
REINFORCING 
Material 0.5 lb 0.091 (0.045 0.0685 |0.034 0.065 (0.033 
Labor 0.0057 man-hr 3.50 |0.020 3.075 (0.018 2.70 0.015 
R7eees BEREING : x 
ateria 1 0.55 |0.550 0.65 0.650 0.85 0.850 
Labor 0.0285 man-hr 3.50 (0.100 3.075 |0.088 2.70 {0 on 
LIFTING 1 sq ft 0.25 |0.25 0.30 = (0.300 0.35 0.350 
_ COLLARS 1/500 sq ft 35.00 (0.07 50.00 = =|0.100 60.00 (0.120 
7 1.365 1.496 1.701 
_ CONCRETE COLUMNS (Same as conventional) (0.066 0,055 0.048 
; Miscellaneous Iron $25 each per 500 sq ft 0,050 0.040 0.040 
| Erection $15 per 500 sq ft 0.030 0.025 0.025 
; 1.511 1.616 1.814 
ra STEEL COLUMNS 1.08 lb per sq ft 0.20 (0,215 0.16 0.173 0.14 0.153 
as 1.580 1.669 1.854 
: 3 Make Pe te ae en es at ORE 
: : *All costs shown in dollars, 
ar y 


_ data, shown in Table 1, a relative cost index in dollars per square foot of slab 


ag was compiled. 

&) In Fig. 2 are shown the cost indices for the years 1952 through 1957. The 
_ jising cost curve for conventional construction is familiar to those acquainted 
with current construction cost trends. There are two curves for prestressed 
i concrete lift-slab construction—one for concrete columns and the other for 
_ Steel columns. It was anticipated that a greater divergence would be shown 
_ between the lift slab with concrete columns and that with steel columns. 
ca re = Plage will probably be more pronounced when the 1958 points are 

plotted. 
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Fig. 2—Cost comparison of conventional construction and lift-slab construction 


Examine the cost curves chronologically. During the period from 1952 
to 1954, prestressed lift-slab construction was generally restricted to buildings 
in which its use was dictated by factors other than the first cost of labor and 
material. In some structures, prestressed lift-slab construction was used to 
shorten the construction time. Records show a time saving of approximately 
30 percent in favor of prestressed lift-slab construction over conventional 
construction. Other structures in this period were of prestressed lift-slab 
construction because of architectural considerations. 

In 1954, alternative prestressed designs were prepared for two buildings 
for the state of California. On these two projects, the prestressed concrete 
designs were bid in competition with conventional cast-in-place reinforced 
concrete construction and a reinforced concrete lift-slab alternative. On 
one building, the prestressed alternative was bid slightly cheaper than the 
other types of construction; on the second project, the conventionally rein- 
forced lift slab was bid slightly cheaper. On these projects, time of construc- 
tion was not a factor and the architectural requirements could be met equally 
well with any of the methods. After 1954, it became evident that prestressed 
lift-slab construction, when properly conceived and designed, was cheaper 


on a first cost basis than other types of construction. 


FACTORS AFFECTING THE ECONOMY OF PRESTRESSED 
LIFT-SLAB CONSTRUCTION 

structures can be economically framed of prestressed 

Some types of structures which are not now 

d lift-slab construction include structures on 


Of course, not all 
concrete lift-slab construction. 
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Fig. 3—A 6-in. prestressed roof slab, having been cast on top of second-floor slab at 
ground level, is being lifted at 15 ft per hr to top of precast concrete columns 


hillsides with stepped grade slabs, and structures which have a fairly close 
spacing of concrete walls which may serve as bearing walls, such as prison 
cell blocks. Also, the expense of cutting prestressing tendons to a great 
number of lengths makes structures of highly irregular shapes generally un- 
economical. 

Considering total economy, the building layout and strue 
scheme are more critical in prestressed lift-sl 
construction. 

Column layouts, stairwell and plumbing chase loc 
sections to be lifted, and column connections are all factors which must be 
carefully considered. As in most new types of construction, lift-slab con- 
struction often requires a greater effort on the part of the designer than is re- 
quired for more conventional construction. To achieve maximum economy, 
careful layout of practical details is a “must,” and in order to assure a satis- 
factory construction, a high degree of job site supervision is required, 


tural framing 
ab work than in other types of 


ations, size and shape of 


Structural framing schemes 


Several structural framing schemes have been used including the following: 
Solid flat slabs—These : 


are the simplest and easiest to design and construct, 
Solid slabs are generally economical for spans of 20 to 30 ft. Slab thicknesses 


of 414 to 9 in. have been used, At the present, most roof slabs are either 54% 
or 6 in. thick and floor slabs 6 or 614 in. thick. The structure shown in Fig. 3 
is a furniture warehouse in Los Angeles. The second-floor slab is 61% in. 


' 
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~ Fig. 4—Post-tensioned prestressing tendons in a 62-in. two-way prestressed flat floor 
slab. Each tendon contains 7 wires of Y% in. diameter high tensile steel 


thick, has a 23-ft span, and is designed for a live load of 100 psf. Two bays 
of this building were load tested with sand to a live load of 150 psf. The 
maximum deflection was less than 3/16 in. After 24 hr, the load was removed 
and the slab returned to its original position. Solid flat slabs have unusually 
2 large factors of safety. Shown in Fig. 4 are the prestressing tendons in place 
a in a two-way prestressed slab. In a vertical plane, the tendons are curved 
to follow generally the inverse of the bending moment curve. 


4 Inverted beams—For long roof spans in one direction, inverted beams on the 
A roof are a practical framing scheme. Spans of 40 to 140 ft parallel to the beams 
~ 
4 
a 


= 
* 


er, 


A 
4 


’ 
“a 


he ground floor are made practicable by hanging the second 
floor from inverted beams on the roof 


Fig. 5—Clear areas on ft 


bf 
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Fig. 6—A prestressed concrete cored lift slab is used to achieve long spans in a new 
classroom building at San Jose State College 


with column spacings between the beams of 20 to 24 ft are economical. 
Both hollow box, I-beam, and rectangular cross sections have been used. 


For some buildings requiring clear areas on the ground floor, the second ° 


floor has been hung from the inverted roof beams with tie rods (Fig. 5). 


Cored or waffle slabs—When large bays are required, cardboard boxes are 
used to core the slab and thereby to reduce the dead load (Fig. 6). Bays of 
30 to 50 ft are economical in cored-slab construction. Since the concrete 
stresses are much higher in cored slabs, the designer and the constructor must 
execute a cored-slab structure more carefully than flat-slab construction. 


Fig. 7—In one direction the 
prestressed concrete lift-slab 
span may be increased by 
forming “dropped” beams in- 
to the grade slab. Parking 
deck spans of 52 ft with an 
18-in. total structural depth 
have been constructed 


— 


PRESTRESSED LIFT-SLAB 355 


Dropped beams—When flat roof areas are required for roof parking, long 
4 spans in one direction can be achieved by a ‘‘dropped beam” slab configura- 
tion, with the beams spanning between columns and a one-way slab spanning 
between beams. The beam is easily formed by omitting short strips of the 
erade slab and placing the beam forms in the resulting trench. The slab 
and the “beam” are cast at one time resulting in a monolithic section (Fig. 7). 
Clear spans of 52 ft with a total structural depth of 18 in. have been designed 
to carry a parking deck load. 


Precast concrete columns 
The use of precast columns in lift-slab construction has helped reduce the 
over-all cost. The pull-rod spacing of early lifting equipment restricted 
the column size to 101% in., which was generally not wide enough for practical 
concrete columns. Later equipment has wider rod spacing which allows 
columns up to 22 in. wide to be used. 
=z Concrete columns, in general, have a much larger moment of inertia than 
do equivalent steel columns. This increase in bending resistance adds to the 
stability of the columns during the lifting of the slabs. Often the temporary 
bracing, which would be required if steel columns were used, can be elimi- 
nated when concrete columns are used. 
The base connection between the column and the grade slab is critical in 
lift-slab construction as the column must act as a cantilever during erection 


ed into a preformed socket in the grade 
between the column and the socket will 
Fig. 9 (right)—By casting 
ncrete columns, a standard double nut column-to-footing 
connection may be used © 


Fig. 8 (left)—A precast concrete column is plac 
slab. After the column is plumbed, the space 
be dry-packed. The column extends into the socket 18 in. 


steel angles into the precast co 


Se 
hy ae 
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of the slabs. In general, two types of base connection have been used. Shown 
in Fig. 8 is a socket type of connection in which the column is dry-packed 


into a preformed socket in the grade slab. 
Angles have been cast in the column to form a 


tion to the footing is shown. 


In Fig. 9, an anchor bolt connec- 


base plate which is secured to the footing with conventional anchor bolts and 


double nuts. 


When long columns are required, they can be more economically built of 
prestressed concrete. 
columns. 


A Ee \ 

Fig. 10—The workman is sliding a 2 x 
4 x 16-in. steel shear key into a preformed 
slot in the concrete column. After the 
key is in place, the lift slab, which has been 
raised slightly high, will be lowered onto 
the key to make the final connection be- 
tween the column and the lift slab. Wind 
and earthquake loads are taken by shear 
walls 


Lifting collars 


Prestressing tends to increase the elastic stability of the 


Column-to-slab connection 


The connection between the column 
and a lifted slab is one requiring care- 
ful study. To reduce the lifting cost, 
the connection must be capable of 
rapid execution, as the lifting equip- 
ment can not be moved to the next 
section until the connections are made. 
On early work, welded connections 


were used which required several 


hours of work to complete. Recently, 
a shear key type of connection has 
been developed which can be installed 
in only a few minutes. 

Shown in Fig. 10 is a shear key 
being inserted into a pocket in the pre- 
cast column. When keys have been 
inserted through all the columns, the 
slab will be lowered onto the keys to 
make the final connection between the 
slab and the columns. 


One of the major cost factors in early lift-slab construction was the high 
cost of the steel lifting collars or shear collars. The prestressing of the slabs 
has increased the reliability and the magnitude of the shear resistance of 


collars. 


Concrete 


Both normal weight and lightweight concrete have been used in prestressed 
lift-slab construction, Generally a 28-day cylinder strength of 4000 psi is 
used, and the slabs are stressed when the concrete strength reaches 3500 psi. 
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A maximum aggregate size of 114 in. is generally used to reduce the cement 
content and the shrinkage of the concrete. 


Prestressing 

To date, nearly all lift slabs have been prestressed with some type of non- 
bonded tendon with button head type of end anchorage. Grouted tendons 
have been tried, only occasionally, yielding inconsistent and often poor results. 


Watertight slabs without roofing or membrane 

One of the biggest advances made to date in roof construction, particularly 
for roof parking decks, has been in the development of prestressed concrete 
decks which are watertight without conventional roofing or a membrane of 
any type. To date, at least six prestressed concrete structures involving about 
200,000 sq ft of roof slabs have been constructed without roofing. 

The cost and weight savings, by eliminating the conventional roofing and 
wearing surface, have made roof parking an economical solution to the park- 
ing problem in areas where one-story structures are constructed. 


Wall material 

Various wall materials have been employed with prestressed lift-slab con- 
struction including glass, metal, masonry, and tilt-up panels. 

It is evident that with rising material and labor costs and a desire on the 
part of owners for faster construction, there will be increasing use of prestressed 


lift-slab construction. 
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SYNOPSIS 


Size distribution, frequency of air voids, spacing factor, and freezing 
thawing resistance of concrete are influenced by many factors, among the most 
significant being water-cement ratio and degree of compaction. Increased 


and 


E Zs freezing and thawing resistance generally reflects a reduction in void size and 
% spacing factor. Such reductions are obtained, other factors being equal, 
= through reduced water-cement ratio, increased amount of air-entraining agent, 
z and in the case of void size through increased periods of vibration. Reduc- 
3 tion of water-cement ratio increases the proportion of air-entraining agent 
Sa necessary to produce a given air content but the air content required for maxi- 
4 cement ratio is decreased. Increas- 


mum durability is decreased as the water- 
ing periods of vibration reduce the total a 


ir content and increase the specific 


2 surface of air voids, but have relatively little effect on spacing factor. For 
- any one concrete there is an optimum air content and void spacing factor for 
aw optimum resistance to freezing and thawing. Spacing factor which obtains at 


optimum freezing and thawing resistance of a single concrete variously vibrated 


may or may not be the smallest in magnitude. 


7 


INTRODUCTION 

discussed various factors influencing the 
development, during mixing, and the subsequent behavior of an air void 
system in concrete up to the point at which hardening prevents further activity 
of the bubbles. Part 2tt discussed the various void systems developed by 


different types and proportions of air-entraining agents and their influence on 
freezing and thawing resistance. Part 3 presents results of various investiga- 
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tions into the effects of water-cement ratio and compaction by vibration on 
air void parameters and freezing and thawing resistance of concrete. 


INFLUENCE OF WATER-CEMENT RATIO 


If other conditions and relationships are constant, including the ratio of 
the air-entraining agent to mixing water, water-cement ratio influences 
the size distribution of air voids because the viscosity of the water phase and 
the air content of the cement paste are altered greatly as water-cement ratio 
changes. As the water-cement ratio decreases, the viscosity of the water 
phase increases and the air content of the cement paste decreases. The rate of 
diffusion of dissolved air tends to decrease with increased viscosity of the 
water phase and the amount of air diffused from small bubbles to large de- 
creases with increased distance between bubbles. Hence, both factors favor 
retention of large values of a (specific surface of voids) at low water-cement 


ratio. At any water-cement ratio within practical limits, Z (spacing factor) _ 


may be small or large depending upon the efficiency and concentration of the 
air-entraining agent employed. However, decreased viscosity and increased 
air content of the cement paste attending an increase in water-cement ratio 


OF CONCRETE- PERCENT 


MICROSCOPIC AIR CONTENT 
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SPECIFIC SURFACE 


VOID SPACING FACTOR 
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Fig. 1—Effects of water-ce- 
ment ratio on parameters of 
air void systems and freezing 
and thawing resistance of 
concrete containing either a 
constant amount of air-en- 
training agent or a constant 
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TABLE 1—EFFECT OF WATER-CEMENT RATIO ON THE 
VOID SYSTEM OF CONCRETE 


Void parameters determined microscopically 


Water- Proportion Water Freeze- 
cement of air- content,| Slump, | Paste Chord Voids ‘ thaw 
ratio entraining lb per in. content, Air inter- | Specific inter- Spacing | expansion 
oy admixture (J) | cu yd percent, \content,| cept, | surface, | cepted factor, | per cycle, 
weight ml per cu yd percent in. in.-! per in. L,in. | millionths 


Constant amount of agent series* 


hy 


400 212 125 30.1 2.3 0.0039 1030 5.93 0.0069 iyeal 

0.60 400 208 3.0 31.9 4.4 0.0045 889 9.78 0.0062 0.7 
0.80 400 207 3.0 28.1 5.2 0.0066 606 7.88 0.0079 2.0 
10 400 194 3.0 25.6 6.2 0.0082 488 7.56 0.0085 4.0 

Constant air series 

0.35 2250 365 2.5 41-2 4.8 0.0029 1380 16.56 0.0043 0.4 
0.45 980 312 3.3 31.5 4.7 0.0042 952 11.18 0.0055 1.4 
0.55 609 288 2.8 26.9 5.2 0.0052 800 10.40 0.0060 2.1 
0.65 451 287 2.9 Qaie3 4.9 0.0061 656 8.04 0.0072 2.6 
0.75 404 286 2.8 24.1 5.3 0.0080 500 6.63 0.0089 3.5 


and having water-cement rati 


Bc aecel wet-screened from 114-in. maximum size aggregate to 34-in. maximum size. Data obtained on 3 x 6-in. 
cylinders. 


tend to decrease a, but L may still be small or large. In addition, any factor 


which increases the rate of hardening of concrete will tend to increase L be- 
cause greater time is allowed for transmission of air from small bubbles to 
large.* 

To illustrate, in Fig. 1 are plotted the air void parameters (Table 1) of two 
series of concrete mixtures in one of which the proportion of air-entraining 
agent was held constant ;” in the other?* the air content was held constant. 
Water-cement ratio varied widely in both series. A study of these curves 
indicates that an increase of water-cement ratio with amount of agent held 
constant tends to increase the size of the bubbles (decrease the magnitude 


of a) and to increase the air content of the cement paste greatly. In the 


usual range of mixtures, if the ratio of air-entraining agent to mixing water 
is maintained approximately constant as water-cement ratio is increased, the 
spacing factor TZ remains essentially constant or may decrease slightly because 
of the great increase in air content of the cement paste. However, if the 
concentration of air-entraining agent is decreased so as to maintain the con- 
erete’s air content at about the level obtained in similar concrete at lower 
water-cement ratio, L will increase materially with consequent decrease in 
resistance of concrete to freezing and thawing. 

In these two series, insufficient air was entrained to provide maximum 
resistance to freezing and thawing for any of the concretes. In other tests, 
it has been found2® that concretes containing 34-in. maximum-size aggregate 
0 of 0.45 and 0.55 require from 6 to 8 and from 
9 to 13 percent of air to develop this maximum, and lower or higher water- 
cement ratio requires less or more air, respectively. Note that for air contents 


*The tendency for increased EL with increase in time of hardening may be»more than offset in particular struc- 
tures because of secondary effects of the phenomena causing the retardation, such as reduced temperature or a 


~ ehemical retarder. 
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Fig. 2—Change of distribution of void section size with change of water-cement ratio 
at similar air content 


up to about 25 percent, the two concretes were more resistant than control 
concretes which contained no entrained air. This excessive air content, of 
course, results in excessive loss of compressive strength and may have no prac- 
tical application. However, it emphasizes the need for adequate air initially 
entrained in order to develop an effective air void system and freezing and 
thawing resistance. 
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_ Void size distribution 


/ ~ Void section distribution analyses based upon areal traverse of con- 

crete of similar air content but differing water-cement ratio reveal widely 

| differing frequency distribution of the void section sizes (Fig. 2). Approxi- 

mately 75 percent of the void sections are 50 microns or less in diameter for 

the concrete of low water-cement ratio (0.35), whereas only about 12 percent 

_of the voids are in this size range in the concrete of high water-cement ratio 

“4 (0.75). The smallest void section observed in the concretes whose water- 

cement ratio is 0.35 or 0.55 is between 7 and 8 microns, whereas the smallest 

\ void section observed in the concrete whose water-cement ratio is 0.75 is 16 
_ microns in diameter. 


The change in void size distribution is indicated more quantitatively by 
the calculation devised by Lord and Willis'® for data obtained by the modified 
linear traverse (Table 2). With increase in water-cement ratio from 0.35 to 
0.55, the number of voids per cu in. of concrete decreases from about 7,150,000 
to about 2,470,000. At a water-cement ratio of 0.75 the concrete contains 
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only about 700,000 voids per cu in. Also, voids less than 20 microns in diam- 


eter constitute 58 percent of the total number of voids at a water-cement 


ratio of 0.35 and only 9 percent of the voids at a water-cement ratio of 0.75. 
With water-cement ratio of 0.35 and 0.55, most of the voids are less than 20 
microns in diameter, whereas at a water-cement ratio of 0.75, most of the 
voids are between 20 and 40 microns in diameter. 


Spacing factor related to freezing and thawing resistance 

Fig. 1 shows the correlation existing between the spacing factor and the 
freezing and thawing test results obtained from the same series of concretes 
cited above. With but one exception low water-cement ratio concretes 
possessed a smaller spacing factor and were more resistant to freezing and 
thawing action than the concretes of high water-cement ratio. This is true 
regardless of whether the air content or the amount of agent is held constant. 
The one exception exists in the ‘constant agent”’ series in which concrete 
having a water-cement ratio of 0.60 developed greater resistance than did 
similar concrete of 0.40 water-cement ratio. This can possibly be explained 
by the relatively low air content, 2.3 percent as opposed to 4.4 percent, of the 
richer concrete which would normally require 4 to 5 percent air for optimum 
durability or spacing factor. The leaner concrete, entraining more nearly its 
optimum percentage of air, possessed a superior spacing factor and proved to 
be more durable. This is not inconsistent with the findings reported pre- 
viously.2° However, this apparent 
reversal should not be regarded as 
typical. This statement is substan- 
tiated by voluminous data, not pre- 
sented here because of the lack of in- 


TABLE 2—EFFECT OF WATER-CEMENT 

RATIO ON THE SIZE DISTRIBUTION OF 

VOIDS IN CONCRETE OF NEARLY CON- 
STANT AIR CONTENT* 


formation concerning void parameters, Diameter of, ea 
which show each water-cement ratio microns |y7q = 0.35|W/C = 0.55|W/C = 0.75 
to have an individual optimum air ey) 256 234 73,240 4000 
content, with respect to freezing and ao Tea eee Oa 
thawing resistance, at which richer as ves ee oes 
mixes are invariably more durable + aA #003 ae 
than are the leaner ones. 180 au aoe oe 
It must be pointed out that the eee ote M59 "196 
foregoing analysis was made on the 308 aoa ae ace 
basis of freezing and thawing expan- ea ae ati shes 
sion, which is indicative of internal Be Sis ae ee 
damage. From the standpoint of sur- mee Bee Lee Tee 
face scaling and crumbling during freez- aie = pe po 
ing and thawing, the leaner mixes aun = hee Begs 
were also inferior but without excep- 4000 ee a Fo 
tion, the anomaly discussed above not Total AO SS 150,851.74} 42,810.94 


*See Table 1 for mixture proportions. 


being apparent when weight loss is the 
criterion of freezing and thawing re- 


= = sistance. 


+Caleulated in accordance with the method estab- 
lished by Lord ana’ Willis. 8 P : 

{Corresponding numbers of voids per cu in. of con- 
crete are 7,153,890, 2,472,447, and 701,655, respectively. 
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INFLUENCE OF COMPACTION 


The method and extent of compaction used to place concrete exert a funda- 
mental influence on the air voids. Air content is reduced by the process of 
compaction, primarily because movement of air bubbles to and escape from 
the surfaces of the concrete is facilitated by vibration, and, to a lesser extent, 
because some of the larger bubbles are broken into smaller bubbles in which 
the air content is more compressed by the capillary tension. The decrease 
in air content effected by the compacting process is, in part, a function of 
the work done in vibrating a unit volume of concrete and the surface area of 
the concrete exposed to the atmosphere. As is shown by Higginson*4 loss of 
‘air is greater from small specimens than from large for equal unit vibration, 
vand loss of air from mass concrete in structures is relatively small. Also 


/ ' significant are the properties of the mixture, such as consistency, and the 


gradation, sand content, and particle shape of the aggregate, and the type of 
agent used to entrain the air. 

Analysis of hardened concrete and mortar demonstrated consistently that 
compaction in laboratory specimens results in a material decrease in air 
content and also a decrease in the average size of air voids. However, spacing 
factor remains relatively constant. This is true whether the compaction is 
accomplished by hand rodding or tamping or a mechanical vibrator. More- 
over, it is true regardless of whether the concrete or mortar contains an air- 
entraining agent. For example, three otherwise similar mixtures were pre- 


TABLE 3—EFFECT OF HANDLING AND MOLDING ON THE VOID SYSTEM OF 


CONCRETE 
Void parameters determined microscopically 
ares Air | Chord Specific Voids Paste- | Paste | Spacing 
BF content, | intercept, surface, intercepted air content, factor, 
Pp percent in, in.-! per in, ratio | percent* L, in. 


Natural gravel coarse aggregate, low air content 


Mixe 


ue weight can 


amp rodded bar 1 
Vibrated cylinder 2.2 0.0065 615 3.384 1 


Natural gravel coarse aggregate, high air content 


Unit weight can 


Hand rodded bar 


0 
Ef 
ump cone 7 
6 
Vibrated cylinder 5 


a weight can 
cone 

Fant rodded bar 

Vibrated cylinder 
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pared with differing proportions of Agent J so as to effect a range of air con- 


tent from about 3 to 7 percent. The mixtures were sampled immediately 


after mixing was complete, without molding or compaction. Other specimens 
of the concrete were obtained from the unit weight measure and slump cone 
with no further manipulation of the concrete than that required by the two 
tests. In addition, formed specimens were prepared by hand rodding and by 
vibration. After curing, the concrete was analyzed by the linear traverse 
method (Table 3). Air content and the average chord intercept were reduced 
by factors of nearly 2 or more, and a was increased proportionately by the 
manipulation incidental to molding and compaction of the specimens. How- 
ever, L remained within narrow limits, ranging from 0.0103 to 0.0135 in. in 
the low air content series, and from 0.0034 to 0.0044 in. or from 0.0024 to 
0.0034 in. in the two high air content series. 

These results reaffirm previous conclusions that, within close limits, the 
magnitude of L is established by the inherent characteristics of the concrete 
mixture itself, including the nature and concentration of air-entraining agent. 
Handling, placing, and compacting operations do not significantly alter L but 
do materially decrease the air content and so minimize the loss of strength, 
(Fig. 3) which otherwise would accompany the development of a void system 
characterized by low values of L. In the series illustrated in Fig. 3, a gain of 


7000 = 
SPACING FACTOR-L 

MAXIMUM MINIMUM 

© 4 % INITIAL AIR 0.0116 0.0077 

A 6 % INITIAL AIR 0054 .0069 

X 8 % INITIAL AIR .0029 0040 


COMP STRENGTH-PSI 
a 
° 
° 
° 


AIR CONTENT- PERCENT 


d air content where specimens were 
for each percent air vibrated out, 
h lost by increasing air initially 


Fig. 3—Excellent correlation between strength and 
vibrated different amounts. Note a gain of 300 psi 


a considerable gain but not quite equal to strengt 
4‘ entrained 
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500 Fig. 4—Increase of surface 
area of voids @ in mortar with 


X Flow= 115% increase of tamping 


Oo Flow: 99% 


Number of tamps indicated 
at each datum point 


SURFACE AREA OF VOIDS(@)- INCH! 


300 3 
AIR CONTENT - PERCENT 


300 psi was obtained per percent decrease in air by vibration. A net loss of 
approximately 150 psi per percent of entrained air was obtained with increase : 
of air content between the 6 and 8 percent concrete mixtures. 

The change effected in the void size is controlled by the kind and duration 
of compaction employed in preparation of the specimens. With the number 
of tamps varying from 15 to 75, the air content of mortar bars containing no 
air-entraining agent decreased from 3.5 to 2.4 percent, and @ increased from 
about 354 in.-! to 462 in.-! (Fig. 4). Concrete containing no air-entraining 
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TABLE 4—EFFECT OF VIBRATION ON TABLE 5—EFFECT OF INTERNAL VIBRA- 
THE VOID SYSTEM OF CONCRETE* TION ON VOID SIZE DISTRIBUTION IN 
CONCRETE* 


Vibration time (seconds) 


Void parameters determined 
microscopically + 2 50 - Number of voids per cu em of 
Diameter of concretet 
Air content, percent 6.70 1.20 voids, microns 
Specific surface, in.-! 870 1540 2 see vibration 50 see vibration 
Number of voids intercepted 
per in. 14.572 A614 20 155,839 68,869 
Spacing factor, in. 0.0046 0.0058 40 96,180 29,887 
a 19,830 15,641 
: - - 14,666 2 
*34-in, maximum-size natural aggregate; 45 percent 100 6014 1886 
sand in aggregate; water-cement ratio = 0.51; 278 lb 120 5847 838 
water per cu yd; slump = 2.9 in.; paste content = 140 1855 491 
26.8 percent; 587 ml Agent J per cu yd of concrete. 160 884 306 
+See Table 5 for distribution of void sizes. 180 772 265 
200 418 180 
ai 525 TOxL 
i 2 : 139 19.1 
agent behaved in a like manner, the he soe oy 
: : 40. 2U.4 
air content decreasing from 3.3 per- a es ee 
: : E ob 
cent after 5 sec vibration to 1.0 per- one ee oe 
: é : 2: 3.6 
cent after 20 sec vibration, and @ in- are ne = 
creasing simultaneously from 160 in.-! aoe 13.9 = 
. . . . . ad a, a4 
to 496 in! (Fig. 5). Similarly, air eae ae a 
content of concrete containing 12.3 ; 
: ; : Total 303, 163t 121,438 
percent of air after 5 sec vibration fell 
D - ee *See Table 6 for mixture proportions. 
to 7.3 percent air during 20 sec of vi +Calculated in accordance with the method estab- 


cs 5 «4 lished by Lord and Willis. 18 
bration, and a increased from 800 in. {Corresponding numbers of voids per cu in. of con- 


to 1380 im (Fig. 5). The data were crete are 4,968,841 and 1,990,368, respectively. 
obtained on 3x6x1-in. slabs cut 

from the top and bottom section of 6 x 12- 
concrete was vibrated for either 5 or 20 sec. 
and bottom slabs shows that vibration ten 
and lower value of @ in the upper portion of the con 


The characteristic increase in a indicates that the proportion of small 
voids increases with increase in compactive effort. This is demonstrated 
quantitatively by void section frequency distributions in concrete specimens 
from the same mix vibrated 5 sec and 30 sec (Fig. 6). By the additional vibra- 
tion, the air content is reduced from approximately 8 percent to about 3 per- 
cent, and a is increased from 1000 in.~* to 1500 in.-!. Void sections larger 
than 90 microns are reduced from 19.5 to 11.0 percent of the total number of 
voids, and void sections smaller than 50 microns are increased from 55.0 to 


72.0 percent of the total number. 


The effect of vibration upon the distribution of void sizes can be determined 
more quantitatively by the modified linear traverse method. This type of 
analysis was made on two concrete cylinders originally containing about 7 
percent of air before being internally vibrated for 2 and 50 sec, respectively. 

- Bach analysis involved measurement of 1500 void sections. Increase in time 
of vibration from 2 to 50 sec decreased the air content from 6.70 to 1.20 per- 


cent and increased a from 870 to 1540 in.-! (Table 4). In spite of the great 
d only from 0.0046 to 0.0058 in. 


in. cylinders in which the entire 
A comparison of companion top 
ds to produce a higher air content 
crete than in the lower. 
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The total number of voids per cu em of concrete is indicated to decrease from 
about 303,000 to about 120,000, and the number of voids smaller than 40 
microns decreases from about 250,000 to about 100,000. However, the pro- 
portion of voids smaller than 40 microns decreased only from 83 to 82 percent 
of the total number of voids in the concrete in each condition (Table 5). Voids 
larger than 60 microns, which constitute the greater proportion of the air 
content of the concrete vibrated only 2 sec, are greatly reduced in frequency 
by the additional vibration, probably as the result of movement to and escape __ 
from the upper surface of the specimen. However, voids in all size ranges are 
decreased in frequency. 


The large voids are in part lost by escape at exposed surfaces and in part 
are disrupted by the process of compaction. The disruption occurs because ; 
distortion of a bubble, as by agitation, leads to such an increase in area of the 4 
air-water interface per unit volume of air that a net reduction in that area j 
can be accomplished by splitting of the large bubble into two smaller spheres. 7 
For example, if a bubble is elongated by the shearing action incidental to : 
vibration into a more or less cylindrical shape whose length exceeds about 
three times the diameter, surface tension will tend to pinch the bubble into 
two spherical bubbles with total surface area less than that of the distorted 
larger bubble. However, the film containing adsorbed air-entraining agent 
at the air-water interface will resist the distortion and consequent enlargement ~ 
of the air-water interface because the momentary increase in area instantane- 
ously increases surface tension in the film. This effect tends to resist rapid 
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Fig. 6—Change of distribution of void section size with change of duration of vibration 
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TABLE 6—EFFECT OF VIBRATION TIME ON THE 
VOID SYSTEM OF CONCRETE 


Void parameters determined microscopically Number of 
Speci Time of = freeze-thaw 
Nol vibration, Air Chord Specific Voids Spacing cycles to 
oO: sec content, intercept, surface, intercepted, factor, 25 percent 
percent in. in.-! Per i. D, in. loss in weight 
3.0 percent air series* 
1 2 3.4 0.0066 603 5.12 0.0101 1050 
2 6 2.6 0.0054 743 4.83 0.0090 1110 
3 12 1.9 0.0056 720 3.42 0.0108 1160 
4 20 ibe 0.0052 762 3.24 0.0104 620 
5 30 1.4 0.0342 1170 4.10 0.0079 730 
6 50 1.3 0.0397 1006 3.27 0.0092 700 
6.5 percent air series* 
7 2 6u4 0.0054 737 12.34 0.0056 1360 
8 6 4.6 0.0048 840 9.66 0.0060 1630 
9 12 2.7 0.0383 1043 7.04 0.0061 1330 
10 20 2.4 0.0399 1001 6.00 0.0067 1380 
iil 30 1.9 0.0353 1133 5.38 0.0066 1340 
12 50 1.2 0.0290 1380 9.14 0.0065 1010 
8.8 percent air series* 
13 2 8.2 0.0360 1112 22.80 0.0033 1540 
14 6 6.8 0.0355 -1125 19.12 0.0033 1780 
15 12 5.0 0.0260 1541 19.26 0.0030 1910 
16 20 4.6 0.0298 1340 15.41 0.0035 1690 
WG, 30 3.4 0.0270 1479 12.57 0.0037 1440 
18 50 2.9 0.0244 1639 11.88 0.0037 1830 


Norse: 114-in. maximum size natural aggregate, water-cement ratio equals 0.50, 6 x 12-in. cylinders placed in two 
lifts, each lift vibrated for the time indicated. Tests conducted on 3x3 x 6-in. bars sawed from 6 x 12-in. 


cylinders. : 
*Air content determined from pressure method. 


fluctuation of interface area. Also, the reduction of surface tension by the 
air-entraining agent will reduce the force tending to split the distorted larger 
bubbles. Hence, the process of disintegration of large bubbles into bubbles 
approximately half their size will be less in air-entrained mixes than in non- 


air-entrained mixes. 

On the other hand, few very small voids are produced by disintegration of 
large voids during vibration. The distortion of bubbles during compaction 
will decrease with size of the bubbles, because difference in buoyancy and 
shearing stress at opposite sides of the bubbles will decrease progressively 
with size. Consequently, the process of splitting of distorted bubbles will 
be of little significance in small sizes (say below d = 1mm). Of more signifi- 
cance in reducing comminution of large voids to very small ones is the great 
amount of work necessary to produce the enormous increase in surface area. 
For example, without an air-entraining agent approximately 400,000 ergs or 
0.01 g-cal of work are required to reduce one bubble containing 1 cu cm of 
there being 2.74 < 10° of these. 
The work required is reduced proportionately as the surface tension of the 
water phase is reduced, and so use of an air-entraining agent increases the 
possibility that some small voids will be produced by. this process in zones of 


a 
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Fig. 7 was prepared from data in Table 6 to demonstrate the influence of 
compaction on the air void parameters of three concretes and their inter- 
relationship with resistance to freezing and thawing. The concretes repre- 
sented contained 1/4-in. maximum-size aggregate and were similar except for 
cement and air content. Specimens were vibrated for various periods ranging 
from 2 to 50 sec. 


As shown previously, increasing periods of vibration resulted in decreased 
air content and increased a, but relatively unchanged spacing factor. Freez- 
ing and thawing resistance (Fig. 7), which in this instance is evaluated on the 


© 3.0% INITIAL AIR CONTENT 
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VOID SPAGING FACTOR 
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Fig. 7—Effect of vibration on 
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basis of weight loss due to scaling and crumbling, did not follow the consistent 


patterns developed by the air void parameters of the three concretes, but 


increased in the high air, remained practically unchanged in the medium air, 
and decreased in the low air concretes with increased periods of vibration. 
Weight loss was used as the evaluation criterion because test specimens, 
3x3x6-in. bars, were cut from the top and bottom halves of 6 x 12-in. 
cylinders and contained no inserts for length change measurements. Table 6 
records average figures obtained from top and bottom specimens cut from the 


game 6 x 12-in. cylinder. On the average, top specimens were found to be 


78, 74, and 78 percent as resistant to freezing and thawing as were companion 
bottom specimens from the low, medium, and high air concretes, respectively, 
although the spacing factor was affected but little. Compressive strength 
followed the same trend, top specimens from the three concretes developing 
91, 82, and 84 percent of the strength of the bottom companions. 


These data further strengthen the conclusion that at the time of discharge 
of the concrete from the mixer the air void parameters (including L) of the 
concrete have been, to a great extent, determined. In Table 7 are recorded 
various air void parameters of specimens representing two or more of the 
three concretes shown in Table 6 which, according to microscopical analysis, 
contained, because of varying periods of vibration, approximately the same 
amount of air. In addition, the average L and freezing and thawing resistance 
of all specimens from each concrete are recorded for comparison with the 
same parameters of the individual specimens selected above. A study of 
this table indicates that a definite freezing and thawing resistance has also 
been established by the concrete, which remains relatively constant, despite 


ons in handling and vibration procedures, when the amount of air 
o-called optimum for the particular 


f aggregate used. Note the close 


variati 
initially entrained equals or exceeds the s 
water-cement ratio and maximum size O 


TABLE 7—SELECTED AIR VOID DATA AND FREEZING AND THAWING 
RESISTANCE COMPARED 


Specimen Vibr., Initial air iabe Specific surface, Spacing factor, eee aaa to 
No. sec content, percent percent, ryt L, in. 25 peroent weight 
Average 1-6 ; e i S 0.0098 "00 
Average 7-12 2 gi a ir 0.0082 1340 
es 0 a etree 
Average 1-6 3 ay nan ae 0.0096 1900 
Average 13-18 aS a ae als : ee 1700 
Average 1-6 ia cies os me otube *00 

11 30 6.5 1,9 1133 y oe Ein 


Average 7-12 
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agreement between values of L and cycles to 25 percent weight loss of in- 
dividual mixes and average values of all mixes in a group. 

When less than optimum air is entrained, freezing and thawing resistance is 
unaffected by a normal amount of vibration and handling but is detrimentally 
affected by overvibration. This apparent regression occurred even though 
values of L for these specimens were comparatively low, and indicates that 
total air content has in itself some influence apart from that of L. 

This confirms, in a single concrete, the trends developed in the series of 
three concretes under discussion in which the resistance to freezing and 
thawing of concretes having equal air contents (Table 7) was found to vary 
directly with the amount of air initially entrained. 


EFFECTS OF MISCELLANEOUS FACTORS 


Parts 2 and 3 of this series of papers deal primarily with the relationships 
which have been found to exist between the freezing and thawing resistance 
of 28-day moist cured air-entrained concrete and the void spacing factor, 
and between the void spacing factor and some of the most elementary prop- 
erties of the fresh concrete and its placement. These properties, namely 
the type and proportion of air-entraining agent, the water-cement ratio, and 
compaction, have been developed from data adequately supporting the con- 
clusions derived. Other factors, for which the data were not nearly so ex- 
tensive, also appear to have a significant influence on the spacing factor and 
freezing-thawing resistance. These will be but briefly developed and no con- 
clusions made. 


Aggregate surface texture 


The data plotted in Fig. 8 show the effect of surface roughness of sand 
particles on the bubble size and spacing as well as the effect on durability of 
concrete. Eleven aggregates, selected at random, were examined micro- 
scopically and divided into two groups, one representing sand particles with 
smooth surfaces, and the other representing rough surfaces. Each sand was 
processed to the same grading and incorporated into concrete at the same 
net water-cement ratio and about the same concentration of air-entraining 
agent. The effect of surface roughness of the sand particles on the bubble 


size and spacing is rather striking; the average value of a is 742 in.-! for the - 


smooth sands and 1037 in.-! for the rough sands and the average values of 
the spacing factor are 0.0065 and 0.0045 in., respectively. The effect of the 
angularity of the sand particles could not be determined since all the sands 
were more or less angular in shape. None was well rounded. 

A fairly good correlation of spacing factor and freezing and thawing resis- 
tance was shown with 7 of the 11 aggregates tested (Fig. 8). Four concretes 
expanded more than would be expected from the size of the spacing factor, A 
tenable explanation is that these four aggregates (No. 1, 2, and 3 from Trinity 
River, Calif., and No. 4 from Crescent Lake, Ore.), which had previously 
been rated inferior by petrographic examinations, contained appreciable 
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Fig. 8—With concretes containing different aggregates, the freezing and thawing 

expansion was influenced by the void spacing factor and by the quality of the aggre- 

gates. The void spacing factor was influenced by the surface texture of the sand 
particles 


amounts of weathered and physically unsound materials. To round out the 
picture, a comparable concrete containing an exceptionally good aggregate 
(Grand Coulee) has been included in Fig. 8 in order to emphasize that even 
though a correlation was evident between the void spacing factor and the 
freezing and thawing resistance, there was still considerable spread at the 
same spacing factor, probably because of the effects of the thermal, bonding, 
porosity, and soundness characteristics of the aggregates. 


. 


Bo (Sand grading 
/ A series of 12 mortar mixtures plus reruns of selected mixtures in which 
> the fineness modulus of the sand was varied in small increments from 2.00 to 
3.26 provided data for this section. The air-entraining agent requirement, 
-bubble size, and spacing factor of those mixes for which air-void determina- 
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‘tions were made did not vary appreciably. Also, in the main series, neither 
the amount of air-entraining agent required for constant air content nor the — 
freezing and thawing resistance of the moist cured concrete was significantly 

affected by changes in the fineness modulus of the sand. Investigations per- 
formed by H. L. Kennedy*® on sand-water mixtures (no cement) indicated 
that the amount of air entrained was markedly affected by size grading of 
sand, the size No. 48-100 being most effective in entraining air. However, 
later work by Scripture, Hornibrook, and Bryant?* revealed that in cement 
mortar and concrete mixtures the influence of sand grading on air entrain- 
ment was suppressed in proportion to the amount of cement added to the mix. 
Consequently, it appears that the influence of the sand grading on the air 
void system, although generally apparent, may be appreciable only in very 
lean mixes and, from a practical point of view, may be ignored in the richer 
mixes since a relatively large amount of cement fines, with adequate alr, 
seems to insure a good void system. The influence of material finer than the 


No. 200 sieve on air content and size of air voids in concrete is discussed by 
Mather.?? 


_ ee ee re — 


Temperature, slump, and calcium chloride additions 


From various unrelated series of tests investigating the simultaneous 
effects of slump and temperature, it has been found that a rise in tempera-- 
ture of concrete will reduce the total air content and also the size of air voids. 
The net result from these compensating effects was a spacing factor which 
was but little affected. Thus, it appears that with air content maintained 


constant, a better void system would be obtained during hot weather than in 
cold. 


A decrease in slump, with water-cement ratio and amount of entrained air 
held constant, decreased the size of voids and spacing factor. Freezing and 
thawing data are not available from this series of mixtures; however, results 


from another series conducted at 70 F indicate reduced resistance with in- 
creased slump. 


The addition of 1 percent calcium chloride to air-entrained concrete re- 
sulted in larger bubbles and a higher spacing factor. Since CaCl: is generally 
used in cold weather, the cumulative adverse effects on bubble size and spacing ~ 
factor may be increased appreciably with possible serious effect on freezing 
and thawing resistance. Additional tests are planned on this phase. 


CONCLUSIONS 


~ 
7 


: 

1. The size distribution and frequency of air voids and concomitantly | 
the spacing factor and freezing and thawing resistance are influenced by many | 
factors, among the most important of which are water-cement ratio and the 
intensity of compaction. In general, but not always, an increase in freezing 
and thawing resistance accompanies any change which reduces the magnitude 
of the spacing factor. ? 


AIR VOID SYSTEM a7 
we 2. Other factors remaining constant, the average size of voids and the 


is 
“f 
4 
- computed spacing factor decrease with decreasing water-cement ratio. 


A 

: 3. Decrease of the rate of hardening of concrete will tend to increase the 
spacing factor. 

d ; 4. Air content is progressively decreased and specific surface a of air voids 
; is progressively increased by increasing periods of vibration, but little effect 
is noted on spacing factor of air-entrained concrete. 


a 5. In concrete initially containing as much as or more air than recommended 
: by the ACI Committee 613, the spacing factor is good to excellent and its 
magnitude is influenced little by vibration. For concrete containing less 
than the recommended amount of air, the spacing factor is relatively poor and 
more variable, and in general, freezing and thawing resistance is lower. 


6. In a single concrete, variously vibrated, an optimum freezing and thaw- 


7 j 

‘a ¢ | ing resistance obtains at certain values of air content and spacing factor. The 
_ / optimum spacing factor may or may not be the smallest in magnitude. 

Ee _ 7. Specimens cut from the top half of 6x 12-in. cylinders” consistently 
~ developed less resistance (approximately 77 percent) to freezing and thawing 
-___ than did companion specimens cut from the bottom half of the same cylinders. 
A Compressive strength followed the same trend, top specimens developing 86 
percent of that developed by bottom specimens. 

“a 
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Discussion of this paper should reach ACI headquarters in tripli- 
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Stresses in Reinforced Concrete Sections Subject to 
Transient Temperature Gradients" 


, By HAROLD SAMELSON¢ and ABBA TORE 
4 SYNOPSIS 
Z Authors investigated stresses in walls of underground reinforced concrete 


cylindrical tanks containing liquids whose temperature varied from 50 to 500 F 
as a function of time. Stresses were checked for both the straight line tempera- 


Z ture gradient, which represents a steady state of heat flow through the tank 
4a wall, and for the transient gradient. The transient gradient may be defined by 
5 a family of curves, each of which represents the temperature gradient at a 
“i given time station. Only the results for sections sufficiently removed from the 
4 ends where perturbational effects can be ignored are treated here. 


Generally temperature stresses in structures are evaluated on the basis of a 


straight line temperature gradient only. This assumption may be justified in 
o problems dealing with one dimensional heat transfer through thin structural 
Go material of relatively high conductivity. However, for relatively thick sec- 
a tions of low conductivity the transient gradient will produce a more severe 
“a stress condition. This stress condition which involves the entire section in a 
= smooth variation may last for a considerable period and is not to be neglected 
under the assumption of a high localized state of stress which is relieved 
, as plastic yield occurs. 
Z The outlined solution is limited to problems of one dimensional heat flow. 
INTRODUCTION 
Notation 
k = thermal conductivity of solid, Btuper & = original base temperature of solid, 
hr per sq ft per deg F per ft deg F 
h = coefficient of heat transfer between sur- A = area, sq ft 


= quantity of heat flowing through a 
layer, Btu 
A @ = time interval, hr 


-younding medium at ¢. and surface at Q 
t,, Btu per hr per sq ft per deg F (equiv- 


k 
alent to me for boundary layer) 
z 


PNT EE RE RTT Bee a 


os density of solid, Ib per cu ft a = ee coefficient of thermal diffusivity, 
= ee heat of solid, Btu per lb per ey fiber ht 
4 eg Bes wee ré 
4,86 = temperature, deg F, at position n, ak M = dimensionless constant = A 2?/ad¢ 
time 79 - ‘ : hAx 
(ie ambient temperature, deg F N_ = dimensionless constant = i 
f = temperature at surface, deg F (= fn 
when n = 0) Aa = thickness of slice, ft 


\ 


7. Title No. 55-23 is a part of copyrighted JouRNAL OF THH A 
58, Proceedings V. 55. Separate prints are available at 50 cents each. 
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Linear heat conduction 


“Tr 
a 


September 1958 


The general expression for linear heat conduction through a layer of material 


of thickness Az is 


For the steady state condition the amount of heat entering and leaving the 
layer Az in a given time interval does not change (i.e. g is constant). For thick 


& STEEL PLATE 
("INSULATION 
25". CONCRETE 


Fig. 1—Vertical cross section through tank 


sections of low conductivity the 
steady state condition does not de- 
velop rapidly. The amount of heat 
entering any given layer during the 
time interval A¢ is not equal to the 
amount leaving and the difference of 
heat will cause a change of tempera- 
ture in the layer with time. 

After sufficient time has elapsed, 
and provided that during the said 
period the heat conditions on the 


boundary remain constant, a steady 


state (straight line) gradient will be 
established. In general the time re- 
quired for a steady state gradient to 
develop through a concrete wall is 
relatively long, and in many cases the 
actual temperature differential be- 
tween the boundaries may not be 
reached in the concrete if the external 
heat conditions do not remain con- 
stant for a sufficient length of time. 
Where the source of external heat has 
been removed before the steady state 
gradient has been developed, the 


stresses caused by the transient gradients may be several times higher than 
those evaluated on the basis of the hypothetical steady state condition. 


EVALUATION OF STRESSES IN TANK WALLS 


A reinforced concrete cylindrical tank (Fig. 1) is subject to an internal 
temperature build-up from 50 to 220 F in a period of 30 days. The internal 
temperature remains constant (at 220 F) thereafter. The tank is covered 
by a layer of soil 7 ft deep. The temperature at the surface of this layer was 
assumed to be constant at 50 F. For the sake of simplicity it was assumed 
that the temperature of the soil at a radial distance of 7 ft from the tank wall 


: a ee 
i el 
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was also 50 F. The liquid is separated 
from the concrete wall by a 3-in. 
steel liner and a 1-in. layer of glass 
fiber type of insulation. 


Steady state gradient 
The steady state gradient through 
the concrete wall is obtained by pro- 


rating the total temperature drop XE) Re: O4 


through the layers of insulation, con- Ay 
“erete, and soil by the ratios of the Ri 07 
thermal resistances R of the layers. Fig. 2—Thermal resistances through con- 


crete, insulation, and soil 


ee eg i S 
ae gl ee: eg ee Oy cial o refvorve, to fel ta) wasuretat Sikpae) (e 
z 
R= = rtinokt) and ecole Crcaclece OR oicS, Ot ORC OU ht ACCT 
kA (3) 


The values of R were obtained from Eq. (3) (Fig. 2). 


todo ka oa Oo Ne RE CR CE ee ee SNE RSPAS LATS 


insulation concrete soil 
A x (thickness, ft) 0.083 2.08 7.0 
k (conductivity in Btu per hr per sq ft per 
deg F per ft) 0.035 0.44 0.083 
A (area, sq ft) 1.0 1.0 0% 
2.36 4.71 84.0 (2 R = 91.1) 


R (thermal resistance) 


From Eq. (2), & At/DR = (220 — 50)/91.1 = 1.87 Btu per hr, and A¢ for 
Boncrete = 1.87 4.71 = 8.8 F. This is the steady state gradient through 


the concrete wall. 


Transient gradient 

The transient state gradients were obtained} for increments of 5 days (Fig. 
3) by evaluating the temperatures of concentric slices of the concrete wall at 
the end of time intervals Ag = 5days. The successive 5-day transient gradient 
curves approach the steady state (straight line) gradient as shown in the 


figure. 
In the problem under investigation the critical. transient gradient Gi. 


occurs approximately 30 days after the beginning of the temperature build-up. 


re of the wall was neglected. In the example aboye its extreme value 


‘ ., New York, 1933: Chapter 3, Article IT, and Chapter 7, Articles I 
Sand IV. The computations and the outline of the meth 
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25" CONCRETE Fig. 3—Transient tempera- 
ture gradients through con- 

crete walls 


Y STATE GRADIENT 


TRANSIENT GRADIENTS 
AT FIVE OAY INTERVALS 
(FIRST APPROXIMATION) 


Interior face of concrete, deg F. 


GRADIENT AT TIME ZERO 


It is represented by a curve approximated by means of two straight lines repre- 
senting partial gradients between the inner surface of the wall and its middle 
surface, and between the middle and the outer surfaces. The partial gradients 
consist of a gradient of 46.3 F through the interior 12.5 in. of the wall and a 
gradient of 38 F through the exterior 12.5 in. 

Note that in spite of the fact that the interior temperature of the tank 
has reached the final value of 220 F, the face of concrete close to the source 
of heat at the same time has reached a temperature of only 168 F. The total 
critical gradient G,, = 46.3 + 38.0 = 84.3 F as against 8.8 F for the steady 
state gradient which occurs after the interior face of the concrete has reached 
the maximum temperature of 220 F. 


Calculating the stresses 
Stresses were determined by the use of the following conditions: 


1. Temperature gradient is symmetrical and constant for all sections at a given time 
station. 


2. External load is zero. 


These conditions require that the load acting on any section be constant. 
The shear at any section must be zero to satisfy symmetry. The thrust at 
any section must be zero in order to satisfy the conditions of equilibrium, 
namely that the radial components of the thrust acting on any circumferential 
element must equal the resultant of external loads on the element in the 


radial direction. Since the latter is zero from Condition 2 above, the thrust 
must also be zero. 
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s 
| Therefore the constant load acting eae vs 
> at every point must be a couple Ca =  S*A0ENT BY pha ee 

Ta, when C is the total compression Pu O Re f 
and T the total tension acting on the 6} 
° section and preventing the develop- 5 
a ment of tangential strains. Thus the S 
. temperature gradient will cause com- 4 
Z pressive stresses in the inner portion of 
z the wall (close to the source of heat) 1 


and tensile stresses in the outer por- 
_ tion. 

In order to obtain the values of C 
= T, a line perpendicular to the wall 
surfaces has to be found such that the CONCRETE SECTION | 
areas contained between it and the 
temperature gradient curve be equal; 
A, = Ao (Fig. 4). The areas thus ob- 
tained represent the couple C = 7 multiplied by a coefficient of propor- 
tionality. 

The balanced stress of the extreme fiber in tension or compression is pro- 
portional to the prevented free-body deformation of the section (Eq. 4): 


Fig. 4—Total compression and tension 
forces acting on the section 


where EZ = modulus of elasticity of concrete (assumed to be 3 X 10° psi), and 
« = coefficient of linear expansion of concrete (assumed as 5.5 X 107°). 


Steady state gradient Transient temperature gradient at o= 
30 days 


Fig. 5—Stress distribution through section 
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The moment acting on the section is 


This moment has to be superposed on any other moments acting on the 
section due to liquid pressures, soil pressures, and other loads. The approxi- 
mate distributions of stresses in the tank wall under the steady state and 
transient gradients are shown in Fig. 5. The values for the transient gradient 
could have been obtained more accurately if the number of slices Ax through 
the concrete were larger. The moments across the section due to these gradi- 
ients are by Eq. (6): 


for the steady state gradient 


< (4.4 X 12.5 X 14) (5.5 X 10-*) (3 X 105) (2/3 X 25) 
108 


Mis = 7.56 ft-kips per ft 


for the critical transient temperature gradient 


2 (45 X 12.5 X 14) (5.5 X 10-*) (3 X 10°) (2/3 X 25) 


Mar, 10 


= 75.24 ft-kips per ft 


The moment across the wall section due to the transient gradient is almost 
ten times as large as the one caused by the steady state gradient, and thus the 
induced stresses will be considerably higher for the transient condition. 


As the transient gradient curves in the vicinity of the critical gradient do 
not change shape or direction abruptly (Fig. 3), it is safe to assume that the 
high stress condition will exist for a period measured in days or weeks. 


The relation between the internal moments (or extreme fiber stresses) 
and time elapsed since beginning of temperature build-up is shown in Fig. 6. 
It is readily seen that the moments produced in the section by the transient 
temperature gradients will be considerably higher than those evaluated on 
the basis of the final steady state temperature differential, 


STEADY STATE GRADIENT 


Fig. 6—Curve of moment 


prime) versus time 
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Rapid rise of internal temperature 

Consider the tank of Fig. 1 subject 
to a rapid rise of internal temperature, 
220 to 500 F in a period of 8 hr, follow- 
ing which it drops instantaneously 
back to itg initial value of 220 F. 

The concrete wall has been sub- 
divided into six equal concentric 
slices and the transient gradient at 
the end of 8 hr has been evaluated 
according to McAdams (Fig. 7). The 
interior face of the concrete wall will 
reach 273 F only after 8 hr, following 
which it will begin to cool off. The 
total maximum temperature gradient 
will be G,. = 273 — 211 = 62 F. If 
the steady state condition were as- 
sumed between 500 and 220 F, (dis- 
regarding the fact that this gradient 
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CONCRETE- SIX EQUAL SLICES 


GRADIENT AT END 
OF EIGHT HaOuRS 


Z19—AVERAGE 
OF 8-HR GRADIENT 


eo) 
INJTIAL TEMPERATURE OF CONCRETE 
Fig. 7—Transient gradient at @ = 8 hr 


would not have sufficient time to develop under the conditions of the 
problem) the gradient through the concrete would be (500 F — 220 F) 0.38/ 


0.58 = 
and transient gradients would be: 


state, and Mg, = 33 ft-kips per ft fo 


183 F. In this case the comparison of moments caused by the steady 
M,., = 157 ft-kips per ft for the steady 
r the transient gradient after 8 hr. 


CONCLUSION 


By neglecting the 


effect of time on the magnitude of temperature gradients 
_ for different heat boundary conditions, and assuming steady state gradients 


only, the moments produced in reinforced concrete structures by temperature 


changes of relatively long durat 


ion are consistently underestimated. On the 


other hand, in the case of abrupt temperature changes, the use of the steady 
state gradient will yield higher values of moments. To get a closer approxi- 


mation of moments and stresses 


thick sections of low conductivity materi 
used whenever temperature loads are a substantial part 


due to temperature changes in relatively 


al the transient gradients should be 
of the total load. 
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APPENDIX 


Determination of transient gradients throug 


The section under investigation is divided into equ 
terior slice may be written, 


_» palance equation for any in 


h the wall section 


al slices (Fig. 8a). At any time a heat 
which states that the difference be- 
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tween heat entering the slice and that leaving the slice during a time interval changes the 
temperature of the layer during that interval. This is expressed according to McAdams as 


follows: 


kA (tn—1'* — tr'*) — k Alte’ — trtr®*) AA ZG, p(t, et — £89) (7) 
Ag " Az ¢ 


(heat entering layer) — (heat leaving layer) = residual heat 


Substituting k/p cp = a and A x?/a ¢ = M, and solving for t,+ ¢ yields 


id Yee © i¢ i¢ : 
i,¢@+De — eNOS DE eH ce ke ae ee (8) 


For the values n = 1,71 ¢ = 0, and ¢, = t,', Eq. (8) becomes 


i +(M —-2)th +h 
‘= ———_—_—_........... re ee ee 9 
ty Ti (9) 


t,' is the temperature at Station 1 after the first time interval. The heat balance for a concrete 
layer at the surface is as follows (see Fig. 8b): 


i ip , G+1)¢ _ ©) 
hA (ta? — t,°%) — KA (to'* — t**) ~ A Axpey (tos to.2s'®) 
Az 26 


ren wt) 


assuming that 4,¢ + 1¢ — 1,%¢ = 4.,0+D¢ _ 4,,,¢¢ Substituting (h A x)/k = N, and 
(Az*)/a¢=M, 


: 2N t,'? (M —2N — 2)Ki¢ 2t,'¢ 
git sae 5 a eS > stile Lats GS (11) 


For the values 7# = 0 and 1,’ = ¢,!% the equation becomes 


2Nt. M —2N -—2 2t 
Pere Pek ea Sk. roe Py PPh) (12) 
M 
to! is the temperature at the surface after the first time interval, 
The above equations may be used to determine the temperature gradients at any time interval 


by using the following numerical procedure. The number of slices is selected, which fixes Ar 


n-l nt| Oo 025 O06 | 
Yi 
Fig. 8a—Interior slice Fig. 8b—Surface slice 


ia 


—e A ee 


\ 


~~ 


\ 
my 


TRANSIENT TEMPERATURE GRADIENTS 385 


TABLE 1—SOLUTION OF EQ. (9) AND (12) 


AGA 


se ia A be Nats Sh aa th BS a, 


hee PUNO S 


a cil le Nantes 


z;: _» given time interval as the temperature of surroundings, 


Fie tom+1 = 0.4 (ta” + 0.5 tom + ti”) tm-+1 = 0.2 (tom + 3h" + t2”) tori = 0.2 (tm + 3to” + ts”) 
stations Surface temperature at time Section 1 temperature at time Section 2 temperature at time 
in inter- station station station 
vals Ad) 
ta” (avg)| 0.5to” hn tom+1 to” 3ti" ton r+ hyn 3to” t3” ton-+-1 
1) (50.0) (50 50 
0 51.69 | 25 50 DOLE 50 150 50 50 : 50 150 50 ou 
iL 55.07 | 25.35 | 50 52.2 50.7 |150 50 50.14 | 50 150 50 50 
2 58.45 | 26.1 50.14 | 53.9 52.21 | 50.4 50 50.52 | 50.14 |150 50 50 
8.4 (corresponds to 5 days) 
: adsl GANOM Ms svevetN\ xatetereh MN lotion Boe oan ce eee Nl reeamepens 51.4 
50 (corresponds to 30 days) 
220R0Ul) ates (EOE Wiles cs VOM 7 ewes | | WN nee 83.7 
on of M. 


and therefore N. M is selected, preferably as an integer. A¢ is fixed by a selecti 
(Nonintegral values of M may be required where it is desired to specify Ag, Az, and a, or for a 
heterogeneous section where a and Az do not permit the use of a single value of M.) 

Having selected M and N, and knowing the thermal boundary conditions, Eq. (12) can be 


used to determine the temperature of the “zero station”’ at the end of the first time interval 


oe 

The temperature of any interior slice at the end of the first time interval ¢,’ may be obtained 
from Eq. (9). These values of tn’ can be inserted in turn into Eq. (9) and (12) and values of 
tn!’ (at the end of the second time interval) obtained. This procedure may be repeated for as 
many time intervals as required, depending on the total duration of the ‘thermal loading.” 

The above solution yields a family of curves defining the gradients through the section at 
different time intervals (Fig. 3). 

The limiting value of the temperature gra 
face of the section is at the temperature of the surrounding 
line for a homogeneous material. 


Evaluation of transient gradients for gradual build-up of temperature 


dient is a steady state condition for which each 
medium. This gradient is a straight 


Physical constants: 


Concrete: p = 150 lb per cu ft 


0.20 Btu per lb per deg F 


Cp 
0.50 Btu per hr per sq ft per deg F per ft 


k 


k 


Insulation: h = rote 0.42 (equivalent to 1 in. of insulation). 
x . 


Let N = land M —2N —2= 1 (or M = 5); hence A¢ = 14.3 hr. One 5-day interval 


(for which gradients were found) includes (24 X 5) /14.3 = 8.4 time intervals. 
ine build-up in the fluid (from 50 F to 220 F) ta (average) was taken as 


Assuming a straight lin 
average temperature of fluid between time stations n and n + 1. Using the chosen values of 


M and N, Eq. (9) becomes for t,’ at any interior slice: 


+ 8 +t 
yf = BETS = 0.2 + 3h +H) 


1 


ud Eq. (12) becomes for the surface 
t! = 0.4 (ta + 0.5t0-++ th) 


verage temperature of the fluid for a 


(12) in this simplified form and the a 
the values of t, ti, and #2 have been 


Using Eq. (9) and 
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evaluated and tabulated (Table 1). These results have been plotted (Fig. 3) and used as a 
basis for the evaluation of moments (Fig. 5b). 


It should be noted that for the purpose of this evaluation the temperature at Station 3 
(Ax = 12.5 in. away from the exterior face of the concrete) was kept constant. Thus the value 
of ts" in Table 1 was taken as 50 F for all values of n. The error due to this assumption is 
small for a period of 30 days, as can be seen by comparing the original and corrected lines in 
Fig. 3 (second approximation). 


This error can be reduced by allowing the temperature at Station 3 to vary and assuming it 
to be constant at Station 4, farther away from the outer face of the concrete section. A similar 
analysis has been run between Stations 2, 3, and 4, using the values tf" obtained from the table. 
This yields new values for ¢;"+1, greater than 50 F, which in turn would be introduced to 
correct values of t2. The same procedure could be repeated to obtain corrected values of ¢;. 
This correction was evaluated for ¢ = 35 days and was found to be negligible. The corrected 
gradient at time station ¢ = 35 days is shown (in dotted line) on Fig. 3. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Dec. 1, 1958, for publication in the March 1959 JourRNAL. 
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Title No. 55-24 


Shear Strength of Lightweight Reinforced 
Concrete Beams 


By J. A. HANSON 


SYNOPSIS 


This report describes tests employed and the results obtained in a study of 
the resistance of lightweight structural quality concrete in diagonal tension. 
A comparison of the shear strengths of the various beams, studied on an equal 
compressive strength basis, showed somewhat better performance of the sand- 
and-gravel concrete. However, when the comparison was extended to include 
a range of shear strength data reported in the literature by other investigators, 
the particular lightweight aggregate concretes considered here were as strong 
in shear, on an average basis, as the normal weight concretes. 

Most of the beams sustained an ultimate load higher than that which caused 
diagonal cracking, but analysis of test data showed that such excess strength 
was related to location of the diagonal tension crack. This location was, with- 
in limits, a matter of chance, and load capacity above diagonal cracking load 
was therefore not a dependable quantity. This conclusion is believed generally 
applicable to beams without web reinforcement in which true diagonal tension 
may cause or initiate failure. 

Deflections of the lightweight concrete beams were 15 to 35 percent greater 
than those of normal weight beams of equal strength. 


INTRODUCTION 


ons of reinforced concrete over the 
ally to studies of the flexural per- 


formance of concrete structural members. Only a few investigations have 
been concerned with diagonal tensile strength. Laupa, Siess, and Newmark’ 
have given a summary and bibliography of the results of shear investigations 
of sand-and-gravel concretes. Richart and Jensen? studied the shear strength 
of beams cast from Haydite (an expanded shale) aggregate concrete. Re- 
ported results of the several investigations of shear and diagonal tension in- 
clude a wide range of testing procedures, concrete quality, and test specimen 


design. 
The introduction of many new lightweight aggregates and the growing 


scope of structural applications of lightweight aggregate concrete have in- 
creased the need for more information on the shear properties of these con- 
cretes. This report deals with seven of the considerable number of com- 
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mercially available lightweight aggregates. To accommodate this group of 


aggregates within reasonable bounds of laboratory effort it was found nec- 
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essary to limit the study to one size of test beam and one loading condition. 
The variation which has been found between lightweight aggregates, even of 
similar types, indicates the need for individual manufacturers of lightweight 
aggregates to develop their own design data through sound investigations of 
their respective products. 

This study is part of an investigation in progress at the Portland Cement 
Association Laboratories to augment available technical information nec- 
essary for practical and economical design of structural concrete using light- 
weight aggregate. Shideler® has reported data from this program on com- 
pressive and flexural strength, modulus of elasticity, bond, creep, and drying 
shrinkage of eight lightweight aggregates and one normal weight aggregate. 
In the present shear study the same aggregates were used with one exception, 
and also the same concrete strengths, 3000, 4500, 7000, and 9000 psi. Aggre- 
gate 1 of the first report has been replaced by Aggregate 9 which is manufac- 
tured by the same process. Sixteen beams were cast using the 3000 and 4500- 
psi concrete, and five beams were fabricated from 7000 and 9000-psi mixes. 
These high strength concretes are representative of those used in some pre- 
casting or prestressing operations. Comparison of the performance of the 
lightweight beams and of sand-and-gravel concrete beams is made on the 


basis of equal compressive strengths. 


TESTING PROCEDURE 


Viest, Elstner, and Hognestad‘ have shown that the loads required to produce 
a beam depend on cross section, concrete strength, amount of 
f web reinforcement, nature of the loading, and span. In addition 
to these six variables, this study of lightweight concrete brings in various aggregates. Since 
only a limited investigation of shear strength could be accomplished, no attempt has been 
made to cover all such factors, but the principal variables affecting shear were limited to 
compressive strength and type of aggregate. The performance of lightweight concrete beams 
as compared to normal weight beams in this report is then qualified by the particular dimen- 
sions and loading of the chosen test specimen. The probability of flexural failure occurring 
before or together with shear failure increases with increasing span-depth ratio and also in- 
creases with increasing distribution of the total load. In order that shear, rather than flexure, 
should be a governing factor, the test specimen chosen was a 6x 12-in. beam with a 6)¢-ft 
span loaded at the third points. Although it was desired to eliminate steel percentage as 
a variable, this could not be done completely because of the wide range of concrete strengths 
involved. As a compromise, 2.5 percent steel was selected for the lower strength concretes 


and 5 percent for the higher. No web steel was used. 


Moody, 
diagonal tension failure in 
longitudinal steel, amount o 


Aggregates and concrete mixes 
The aggregate identification numbers used in the shear investigation were the same as those 
employed for the plain concrete tests. Complete descriptions including grading and physical 
properties of the various aggregates are given by Shideler,* and an abbreviated description is 
given below: z 
Aggregate 2 is an expanded shale produced in a rotary kiln. Material passing No. 4 
- sieve is obtained by crushing. 


and have a smooth shell. 

Aggregate 4 is an expanded clay produced in a rotary kiln. Most of the material is 
crushed but is not harshly angular. wis 

Aggregate 5 is an expanded slate produced in a rotary kiln. The coarser particles are 
somewhat angular and porous. Material passing No. 4 sieve is obtained by crushing. 

Aggregate 6 is an expanded blast furnace slag produced by spraying a controlled a- 
mount of water on a thin layer of molten slag. All particles are angular and porous and 
most of the finer sizes are obtained by crushing. 

Aggregate 7? is produced by burning on a sintering grate a carbonaceous shale from 
anthracite coal processing. All sizes are obtained by crushing and particles are very 
sharp and porous. 

Aggregate 8 is Elgin sand and gravel. The gravel is well rounded. 

Aggregate 9 is an expanded shale made in a rotary kiln. Particles are rounded and 
have a smooth shell. 


The concrete proportioning and placing procedure for the shear beams were also similar to 
those employed in the plain concrete tests; details may be found in Reference 3. Dry aggre- 
gates were used for all lightweight concretes and for the lower strength sand-and-gravel con- 
cretes. Aggregate for higher strength sand-and-gravel concrete was soaked in water 24 hr 
prior to mixing. For comparison purposes the final mix quantities, unit weights, compressive 
strengths, and static moduli of elasticity of the shear beam concretes are given in Table 1. 


Reinforcing steel 


Two samples of the intermediate grade reinforcing steel used were tested for yield point and 
modulus of elasticity with the following results: ; 


¥ ny 
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Aggregate 3 is an expanded shale produced in a rotary kiln. All particles are rounded 
| 
. 
. 
, 


Yield point, psi Modulus of elasticity, psi 
Sample 1 48,500 27,800,000 
Sample 2 48,100 27,300,000 


Theoretical considerations of beams 


In accordance with the plan followed in the plain concrete tests, shear strength of beams 
was investigated for four nominal concrete compressive strengths: 3000, 4500, 7000, and 9000 
psi. To avoid flexural failures, steel areas were greater than those generally encountered in 
service structures. Preliminary analysis by straight-line theory indicated that a 6x 12-in. 
normal weight beam without web reinforcement or compression steel, loaded at the third 
points of a 6 ft 6 in. span, would fail by diagonal tension when the maximum concrete com- 
pressive stress approached 0.45 f,’ and steel stress approached 20,000 psi. The indicated 
steel requirements for this condition were 2.1 percent for concrete of 4500-psi compressive 
_ strength and 4.8 percent for 9000-psi concrete. Accordingly, it was decided to use two #8 
bars (2.5 percent) for beams of lower strength concretes and four #8 bars (5.0 percent) for 


_ beams of higher strength concretes. All steel was intermediate grade, deformed in accordance 
with ASTM A 305. 


As a final check on the beam cross section and steel percentage, investigations were made 
using concrete properties (Table 2) taken from averages of the results of the plain concrete 


a tests and assuming the modulus of elasticity of the reinforcing steel as 29 X 10° psi. 


The analysis showed that for concrete stresses of 0.45 f.’, the bond and steel stresses in 
beams of both normal weight and lightweight concrete were within the limits of the 1956 
ACI Building Code, except for the lightweight beams in the 4500-psi and 9000-psi concrete 
strength groups. In these exceptions, the steel stresses were computed at 23,200 and 26,300 
psi, respectively. For the same concrete stresses, estimated values of nominal shear were 


40 to 150 percent above the allowable limit for the lower strength concretes and 270 and 500 
percent above the allowable limit for the higher strengths. 
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Fabrication and curing of specimens 


All beams were cast in plywood forms. The reinforcing bars were supported from the 
bottom form on steel chairs at a height to give an effective depth of 101% in. The four #8 
bars necessary for the beams of higher strength concretes were bundled® horizontally in pairs 
to provide clearance for the larger size aggregate during concreting. 

All batching was by weight. The concrete was mixed in a 134-cu ft pan-type mixer. The 
aggregates and about two-thirds of the mixing water and air-entraining agent were mixed 
2 min; then the cement and remaining water and agent were added and mixing was continued 
for an additional 3 min. A blend of equal parts of four commercial Type I cements was used. 
The concrete was placed in the beam mold in three 4-in. lifts. The concrete volume of one 
lift plus two 6 x 12-in. cylinders constituted one batch. 

Each layer of concrete was vibrated after the full batch was placed. For the 3000 and 4500- 
psi mixes an internal vibrator was used. A table vibrator of special construction was used to 
compact the no-slump higher strength concretes. This table was powered by an electro- 
magnetic unit that transmitted 3600 vibrations per min. The plywood form was clamped 
to the table top and then each of the three lifts was vibrated for several minutes. Segrega- 
tion of aggregate was not found and no lift stratification was noted in the hardened concrete. 
The cylinders were consolidated by vibration in the same manner as the beams. 

All beams and cylinders were covered with wet burlap for the first 24 hr after casting, except 
those of the high strength sand-and-gravel concretes (7000 psi and above) which were “‘ponded”’ 
for the 24-hr period. Ponding entails covering with water that portion of the concrete ex- 
posed in the form. At the end of 1 day, the forms and molds were stripped and the specimens 
were placed in a moist room until age 7 days. At this time, all beams and half of the 6 x 12-in. 
cylinders were stored in laboratory space at approximately 75 F and 30 percent relative 
humidity until tested. All tests were performed at 28 days. 


Instrumentation 


Fig. 1 shows the loading equipment de 
beams. Steel strains were measured near 
and also in the center of the pure flexure sec 


tails and location of SR-4 strain gages used on the 
the probable location of the diagonal tension crack 
tion. The gages were A-1 type and required no 
waterproofing since they were cemented to the exposed steel in recesses in the concrete after 
moist curing. The recesses for the gages near the ends of the beam were located on one side 


and for the center on the opposite side. Maximum compressive strains in the concrete were 


measured at the load points and at the center of the span. All gages for measuring concrete 
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Fig. 1—Details, testing arrangement, and instrumentation of beams 
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strain were of the A-9 type. Continuous recording of strains allowed measurements to be 
taken beyond the point of diagonal cracking and to ultimate load. 

Near the end of the program, because of indications from the earlier tests, SR-4 gages were 
placed on the top surface of six beams to study the possible development of tension in the 
“compression’’ zone of the concrete. These gages were located 914 in. outside the load points. 


Testing procedure 


The beams were tested in a 1,000,000-lb hydraulic compression machine. Fig. 1 shows the 
details of the testing arrangement. The reaction bearing plates were seated in high strength 
calcined gypsum mortar to assure full bearing, but each load-bearing plate bore on two 4 
in. thick leather pads which were placed astride the SR-4 gages located at the third points 
(see cross-sectional view in Fig. 1). Dial gages at the center and third points indicated beam 
deflections to the nearest 0.001 in. In the 3000 and 4500-psi beam series the loads were applied 
in increments of 2000 lb. The higher strength beams were loaded in increments of 5000 Ib. 
At each increment, the load was maintained for a period sufficient to record deflections and to 
mark the progression of cracks. About 30 min were required for each beam test. 


TEST RESULTS AND DISCUSSION 


The compressive strength and modulus of elasticity of the shear beam con- 
cretes were determined from 6 x 12-in. cylinders cured similarly to the beams ; 


one such cylinder was taken from each of the three batches that constituted a 


beam. Table 3 presents these properties along with a tabulation of steel per- 
centage, steel modulus, modular ratio, and the standard k-value for 21 beams : 
tested in this program. ZF, is the secant modulus of elasticity of the concrete 
computed at a strain of 0.001 in. per in. This strain value is the approximate 
compressive strain in the outer fiber of the concrete at initial diagonal tension 
cracking, as indicated by the SR-4 gage measurements. The elastic moduli 
of Table 2 differ slightly from those of Table 1 which are secant moduli at 
0.3 f.’. The last two columns of the table give values of k, computed and 
measured. The computed values were determined from the standard formula: 


k = [2np + (np)*)4 — np : 
Measured values of k were obtained from strain gage measurements made 
at the center section of the beams and the relationship for linear distribution 
of strain: 


Co 


—_—_—. 


= 
Ce + C 


The computed values of k were used to determine jd, required to establish 
nominal shear strengths. The excellent agreement between values of k com- 


_ puted by the two equations indicates that jd was determined reliably up to 


the initial diagonal cracking load of these beams. 


Ultimate strength of test beams 


At each increment of load, the development. of cracking was carefully 
marked. Under the lighter loads the usual flexural cracking developed with- 
in the middle third of the beam span in the pure moment section. At higher 


‘elk dee ae te 8 


Dovey li 
tia t\ 


.* 


a 


eK. 


") 


A TS 


%, 
sd hi 


ST A ere 


SHEAR STRENGTH OF LIGHTWEIGHT BEAMS 393 


loads, diagonal tension cracks extended from under or just outside one of the 


-load points to the vicinity of the reinforcing steel at a point approximately 


1 ft from the reaction. These diagonal cracks formed suddenly in the light- 
weight beams and were accompanied by sharp reduction of testing machine 
load and large increase in deflection. The sand-and-gravel concrete beams, 
particularly those of lower concrete strength, developed diagonal cracking 
more gradually but the behavior pattern of load reduction and increased 
deflection was still evident. The load at first diagonal cracking was also the 
ultimate load for five of the beams tested. The other beams recovered the 
load that was initially lost and were able to absorb additional load to cause 
diagonal cracking at the opposite end. The same pattern of load reduction 
and increased deflection was repeated. All beams that sustained diagonal 
tension cracks at both ends failed at an ultimate load which was above that 
at first diagonal cracking. This amounted to less than 10 percent increase 
for two of the beams while the 14 remaining beams exhibited 50 to 100 percent 
increase. 


TABLE 2—CONCRETE PROPERTIES USED IN CHECKING BEAM CROSS SECTION 


3000-psi 4500-psi 7000-psi 9000-psi 
concrete concrete concrete concrete 
Aggregate | E, | E, E, ioe | 

| 108 psi n* | 106 psi n 108 psi n 108 psi n 
Sand and gravel | 3.4 eh er 7.25 5.0 5.8 5.4 5.4 
Lightweight 2.0 12/5 ol oe? 13.25 2.3 12.6 2.4 12 

#n, is the ratio of steel elastic modulus to that of concrete. 
TABLE 3—PROPERTIES OF SHEAR BEAMS 
28-day Reinforce- 
. Aggregate Beam strength ment ratio Es, Ec,* Computed | Measured 

lo. No. fe’, PSi p 105 psi 106 psi n k k 
9 9C 6910 0.05 27.5 2.89 9.5 0.61 0.61 
2 2A 3680 0.025 27.5 EY 1735 0.60 0.60 
2 2B 5350 0.025 27.5 1.81 15.2 0.57 0.60 
3 | 3A 3310 0.025 27D 1.87 14.7 0.56 0.56 
3 3B 4090 0.025 27.5 1.98 13.9 0.56 0.59 
4A 2980 0.025 27.5 1,53 18.0 0.60 0.56 
4 4B 4890 0.025 27.5 1.83 15.0 0.57 0.56 
4 4C 7000 0.05 27.5 2.09 13.2 0.66 0.68 
4 4D 8160 0.05 27.5 2.26 12.2 0.65 0.65 
5A 3490 0.025 27.5 1.90 14.5 0.56 0.53 
3 5B 4790 0.025 27.5 2.20 12.5 0.54 0.53 
A 3670 0.025 27.5 2.25 12.2 0.53 0.52 
é SB 4870 0.025 27.5 2.61 10.5 0.51 0.49 
A-X 3210 0.025 PY ets) 2.02 13.6 0.55 0.52 
; TA 4240 0.025 27.5 2.23 12.3 0.53 0.53 
7 7B 5200 0.025 27.5 2.54 10.8 Ov51 0.49 
8A-X 3700 0.025 27.5 2.97. 9.3 0.49 0.49 

3 8A 4020 0.025 27.5 3.13 8.8 0.48 — 
8 8B 5380 0.025 27.5 3.59 To, 0.46 0.49 
8 8C 8410 0.05 2050) 4.30 6.4 0.54 0.54 
8 8D 10,680 0.05 27.5 4.76 5.8 0.53 0.53 


eg 


*E. is secant modulus of elasticity of concrete computed at a strain of 0.001 in. per in. corresponding to beam 


maximum fiber strain at diagonal crack formation. 
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Fig. 2—Cracking of beams with Aggregate 4 


Fig. 3—Cracking of sand-and-gravel concrete beams 


Fig. 2-5 show typical beams after completion of testing. As loading pro- 
gressed above initial cracking load, the diagonal cracks in most cases con- 
tinued to extend horizontally into the region of pure flexure. Other cracks 
formed near the ends, vertically if from the top of the beam and horizontally 
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if from the end. At the ultimate load, rupture occurred near a load point, 
with secondary splitting along the reinforcing steel in most cases. 

Thus, at least two distinct types of failure occurred in this test series. One 
type was characterized by complete failure at the diagonal tension cracking 
load. The failures shown in Fig. 4 are typical. In the other type ultimate 
load was reached at levels considerably above diagonal cracking load, typified 
by the beams shown in Fig. 5. Crushing at a load point was generally noted 
in the latter type. In the former type of failure, vertical cracks approximately 
91% in. outside the load points appeared along with the diagonal crack but 
with no evidence of crushing. Strain gages at the load points indicated only 
800 to 1600 millionths of strain, an amount far less than would normally be 
required for compression failure. 


Moody, Viest, Elstner, and Hognestad* have pointed out that a redistribu- 
tion of stresses takes place with the occurrence of diagonal tension cracking. 
This redistribution requires that the steel stress can no longer be distributed 

in accordance with the external moment, but must be such that the shear 
- plock outside of the diagonal crack is maintained in equilibrium. Fig. 6 
shows forces on the shear block considered as a free body. Since no web 
steel exists, these forces are load, load reaction, steel tension, and the total 
force of concrete compression due to flexural action. In order that equilibrium 
may exist, the resultant of these forces must pass through the intersection of 


Fig. 5—Typical failures with ultimate above diagonal cracking load 
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Fig. 6—Location of resultant of forces on shear block 


the line of the reaction force with the line of the steel tension force and through 
the intersection of the lines of force due to load and to concrete compression. 
This latter point is somewhat indefinite due to unknown distribution of the 


compression stresses, but since diagonal cracking generally extends nearly - 


to the top fiber of the beam, the location of the intersection shown in Fig. 6 
is sufficiently well defined for present purposes. The two dashed lines indicate 
the average locations of diagonal tension cracking in these test beams, the 
line of short dashes for beams with ultimate load occurring at the diagonal 
cracking load and the line of longer dashes for beams with ultimate load 
above diagonal cracking load. Each line is an average of the measured loca- 
tions of five cracks. It will be immediately evident from the relative positions 
of the diagonal cracks and the resultant of forces that in the first case very 
high tension would exist at the outer fibers of some section such as A-A, 
while in the second case, with the resultant force line well within the section, 
only relatively low tensile or even compressive stresses would occur. 


Such a diagram clearly demonstrates that reinforced beams similar to 
those of this investigation can fail in direct tension or by compression at 
higher loads, depending on where the diagonal crack appears with respect 
to the resultant forces. It will be noted from Fig. 6 that the lines representing 
the two average locations for diagonal cracking are only a few inches apart. 


Thus, to predict accurately the location and accompanying type of failure 


would be impracticable. Indeed, a demonstration of this uncertainty of the 
mode of failure was provided by the performance of two of the sand-and- 
gravel concrete shear beams, No, 8A and 8A-X. The concretes were of equal 
compressive strength yet one beam failed at the load required to produce the 
- first diagonal crack while the companion beam failed at a load appreciably 
above that which produced diagonal tension cracking as shown in Table 3. 
Apparently for these beams the critical location of diagonal cracking relative 


eee ee ee Cee ee 


\ 


iio Ne diy 


yer 


nN 


Ae 


vets oe 


‘Pd 


A Nik ai s | 


SHEAR STRENGTH OF LIGHTWEIGHT BEAMS 397 


to the resultant of applied forces on the shear block was a matter of pure 
chance, and as a consequence only the diagonal cracking load is of practical 
use as a measure of nominal shear strength. 


As a matter of interest, it might be pointed out that several beams which 
sustained ultimate loads above the diagonal cracking load gave indications 
of final failure by direct tension. For example, Beams 4C and 4D (Fig. 2) 
and Beam 8D (Fig. 3) showed only vertical cracks near the load points with 
no evidence of crushing. This type of failure, of course, is possible only as 
long as the resultant of the forces falls outside the middle third of any section 
of the shear block. 

A consistent excess of load capacity above that required to cause diagonal 
cracking has been observed primarily in beams having span-depth ratios 
less than that reported here. Cracking of such members may, in effect, con- 
vert the beam into a tied arch, with the resultant of the compressive forces 
falling well within the intact concrete section. Test beams of greater span- 
depth ratio have, in general, shown no excess load capacity after diagonal 
cracking. 


Nominal shear strength 


On the basis of the above conclusion that the ultimate load capacity of 
these shear beams cannot give dependable values of nominal unit shear, only 
the diagonal cracking loads were used in the computation of this factor. 
Table 4 presents the cylinder strength, diagonal cracking load as indicated by 


TABLE 4—RESULTS OF SHEAR BEAM TEST 


Beam Hels Psi, P32, Pu, Vsi, Usp, Us (average) 
No. psi kips kips kips psi psi fe 
9C 6910 26.00 28.40 50.80 i 259 283 0.039 
2A 3680 19.20 19.20 37.00 190 190 0.052 
2B 5350 17.97 21.18 43.22 176 208 0.036 
BA 3310 19.80 — 19.80 193 — 0.058 
3B 4090 19.82 20.25 22.00 193 197 0.048 
4A 2980 18.45 20.81 24.71 183 206 0.065 
4B 4890 2156 22.00 37.69 211 216 0.044 
4C 7000 24.40 28.00 49.10 ~ 249 285 0.038 
4D 8160 28.25 28.25 53,50 287 287 0.035 
A 3490 21.71 — 21.71 212 — 0.061 
SB 4790 21.90 — 21.90 212 — 0.044 
A 3670 19.75 20.00 20.05 191 193 0.052 
OB 4870 19.47 21.56 31.55 186 206 0.040 
‘A- 3210 25.46 — 25.46 248 —_— 0.077 
on a 4240 27.72 27.90 39.75 268 269 0.063 
7B 5200 28.04 29.80 39.40 269 285 0.053 
Aq 3700 24.06 28.05 36.16 228 266 0.067 
Ba - 4020 25.95 — 25.95 245 —_— 0.061 
8B 5380 28.50 33.70 40.64 267 316 0.054 
8C 8410 37.74 40.00 57 24 365 387. 0.045 
8D 10,680 39.30 40.00 74.40 378 385 0.036 


fe’ = cylinder strength of concrete. 

Ps: = load causing diagonal crack at one end of beam. 
Ps2 = load causing diagonal crack at other end of beam. 
Pu = ultimate load capacity of beam. 

Vg; = nominal unit shear based on Psi. 

Vso = nominal unit shear based on Ps2.~ 
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testing machine, ultimate load capacity, and nominal shear for all of the beams 
tested. Nominal unit shear v, was computed as the standard value of total 
shear divided by bjd. Total shear is equal to half the machine load at diagonal 
cracking. In those tests in which diagonal cracks formed at both ends of the 
beam, both values are reported, thus giving a better estimate of the range of 
shear strength for any particular lightweight aggregate. A comparison of 
ultimate loads with diagonal cracking loads shows that the spread of nominal 
unit shear would be nearly doubled if computed on the final load basis. The 
writer feels that such practice has contributed to the wide range of shear 
values reported in the literature for beams without web reinforcement. 

Fig. 7 presents the nominal unit shear strength as a function of concrete 
strength. Results for concrete made with lightweight aggregates No. 2-6 
and No. 9 are grouped closely at approximately 75 percent of the shear strength 
of the normal weight concrete made with Aggregate 8. Aggregate 7, the 
sintered shale, produced concrete with a shear strength equal to that of Aggre- 
gate 8. No explanation of this increased strength relative to other light- 
weight concretes can be offered. However, in a later series of tests for ulti- 
mate load design coefficients, Aggregate 7 again showed behavior similar 
to the Elgin sand-and-gravel concrete. A search of the literature for com- 


parable values of shear strength for lightweight concrete beams yielded only — 
the tests of Haydite concrete by Richart and Jensen.? Their values for shear - 


strength at comparable cylinder strengths are approximately 65 percent 
greater than those reported here. However, their values were computed 
from the ultimate load and their beam specimens were 1.6 times as deep in 
proportion to span as the beams of the present study. 

Moody, et al.,4 and Morrow and Viest® present the only values of shear 
strength found that have been computed on the basis of diagonal cracking 
load. The Moody beams were of sand-and-gravel concrete, the aggregate 
being designated as Wabash River sand and gravel. The tests, conducted at 
the University of Illinois, included Series A beams, 7 x 12 in. in section and 
6 ft 3 in. long, loaded at the center point, and Series B beams, 6 x 12 in. in sec- 
tion and 10 ft long, loaded at third points. Steel percentages varied from 
0.8 to 2.37 and concrete strengths from 880 psi to 5970 psi. The unit shears 
at diagonal cracking have been superimposed as small dots on Fig. 7. 

Morrow and Viest® also used Wabash River sand and gravel for test beams, 
12 x 16-in. in cross section with span varying from 42 to 240 in. Beams were 
loaded through a stub reinforced column cast integrally at the center of the 
beam. As in the Moody tests, no web steel was used. Longitudinal reinforce- 
ment varied from 0.57 to 3.83 percent and concrete strengths varied from 
2000 to 6000 psi. Nominal unit shear strengths from the Morrow-Viest beams 
with a 70-in. span are also shown in Fig. 7 as four-point stars. To prevent 
further confusion on the diagram, values from the longer span Morrow-Viest 


beams were not plotted, but these also exhibit unit shear strengths of the 
Same approximate magnitude. 
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Fig. 7—Nominal shear strength as a function of cylinder strength 


It is evident that at comparable strengths these sand-and-gravel concretes 
showed a nominal shear strength no greater than that of the lightweight 
coneretes. For test conditions selected the shear values plotted in Fig. 7 
have a minimum factor of safety of 2.0 above the working stresses given by 
‘Building Code Requirements for Reinforced Concrete (ACI 318-56),”’ and 
in the higher strength ranges they exceed these working stresses by a factor 
varying from 2.9 to 4.0. 

In using these data for the design of lightweight concrete structures, it 
should be remembered that the shearing resistance of beams is reduced by 
axial tension, and that with many lightweight aggregates the drying shrinkage 
is greater than with normal weight aggregates. When such aggregates are 
used in members in which axial tension may develop as a result of restrained 
shrinkage, conservative values of allowable shear should be selected. 


Measured strains 

Voluminous strain data taken 
considerable value in establishing the type of failure and bea 
characteristics. The locations of gages are shown by Fig. 1. Gages 3 and 4, 
located at the center of the beam on the top fiber, and on the reinforcing steel, 
gave the “measured” location of the neutral axis in the pure moment zone. 
Gages 1 and 2, located on the steel 11 in. from the ends of the beams, showed 
the effects of stress redistribution due to the diagonal cracking and also in- 
dicated that bond failure did not contribute to either diagonal cracking or to 


ultimate failure. Since the bond stress at the end of the bar must be zero, 
the average bond stress in the length of 11 in. of steel reinforcing to the gage 
1 force in the steel and the size of the bar. No 


may be computed from the tota 
ded the pull-out values reported by Shideler® 


during loading of the shear beams proved of 
m performance 


thw 
x 


400 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE September 1958 


for bottom bars. In regard to bond stress computed by the conventional 
method, only one beam, 2B, exhibited bond stress exceeding that allowed 
by the ACI Code, and then only by 15 percent. 


Gages 5 and 6 located under the third-point loads definitely indicated that 
those beams which failed at diagonal cracking load did not achieve sufficient 
strain to fail by compression. In the later stages of testing, Gages 5x and 6x 
were mounted 914 in. outside the load points on the top of the beam to check 
the tensile strain shown to exist due to the eccentricity of the resultant of 
forces on the shear block. This location was chosen from observation of 
cracks in beams previously tested. None of these later beams failed at the 
diagonal cracking load, but large reductions in compressive strains, or even 
tensile strains were found in all cases as loads increased to the ultimate. 


For those tests which included concrete strain measurements outside the 
load points, a calibrated load cell or electric dynamometer was mounted be- 
tween the testing machine head and the load-distributing beam. Data from 
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Fig. 8—Typical measured strains of lower strength beams 
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this cell were continuously recorded, and thus the load-strain relationship 


could be plotted during sharp load reductions at diagonal cracking. This 


strain history for Beams 5A and 7B appears in Fig. 8. From zero load to the 
load at diagonal cracking, symmetry of corresponding strains shows that the 
third-point loads were nearly equal. After diagonal cracking this similarity 
of strain distribution did not continue since the strains on the shear block 
were distributed in accordance with the position of the diagonal crack and 
with its proximity to the top surface of the beam. Beam 5A failed completely 
at the cracking load, but the upper diagram of the figure shows maximum 
compressive strain far less than that which would indicate a compression 
failure. Examination of Fig. 4 shows vertical cracking outside of the load 
point, caused by tension in the shear block referred to above. The right side 
of the lower diagram of Fig. 8 shows development of such tension in Beam 7B. 


Deflections 

Deflection of lightweight concrete beams is an important design considera- 
tion because of the relatively low modulus of elasticity of this material. Fig. 
9 is a typical load-deflection diagram for these tests. Dial gages located at 
the third points and at the center again indicated that the equipment gave 
symmetrical loading even after the diagonal cracks. A rather large increase 
in deflection may be noted at each of the diagonal cracking loads. At lesser 
loads the curves are fairly linear and should be amenable to prediction. 


Table 5 shows a comparison of computed and measured deflections for all 
the beams at loads less than those which caused diagonal cracking. The 
deflection of the ‘“‘cracked”’ flexural section was computed by the “transformed 


TABLE 5—COMPUTED AND MEASURED DEFLECTION OF SHEAR BEAMS 


Computed Measured deflection, in. 
(fo Load, center 

Je a kips deflection, Left third Right third 
in. point Center point 
9C 6910 20 0.057 0,058 0.064 0.057 
3680 16. 0.087 0.072 0.093 0.081 
Be 5350 16 0.081 0.076 0.085 0.070 
3310 16 0.080 0.080 0.091 0.082 
an 4090 16 0.078 0.074 0.088 0.078 
2980 16 0.088 0.086 0.099 0.089 
iB 4890 16 0.081 0.077 0.088 0.077 
4C 7000 20 0.067 0.061 0.070 0.064 
4D 8160 20 0.066 0.059 0.061 0,058 
3490 16 0.079 0.071 0.081 0.072 
a 4790 16 0.074 0.069 0.078 0,068 
3670 16 0.077 0.068 0.081 0.072 
ee 4870 16 0.069 0.066 0.076 0.068 
S 16 0.077 0.070 0.079 0.069 
ue me on 16 0.074 0.061 0.074 0.067 
7B 5200 16 0.070 0.063 0.076 0.071 
si 16 0.065 0.069 0.081 0.078 
on = 1400 16 0.064 0.057 0.067 0.058 
8B 5380 16 0.061 0.048 0.055 0.050 
8C 8410 20 0.047 0.042 0.048 0.043 
8D 10,680 20 0.045 0.044 0.051 0.046 
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cross section’? method at the center of the beam using the actual character- 
istics found in Table 3. The computed deflection is in all but two cases less 
than the measured, and the deficiency averages 6 percent. The above method 
predicts only the deflection due to flexural action, in accordance with general 
practice. 

Table 5 indicates an important consideration in the use of lightweight 
concrete for structural purposes. If the deflections of lightweight and normal 
weight beams of the same compressive strengths are compared, the deflections 
of the lightweight beams are from 15 to 35 percent greater than those of the 
sand-and-gravel beams. In an accompanying comparison, the modulus of 


elasticity (Table 3) of the lightweight concrete varies from two-thirds to | 


half of that of normal weight concrete. 


SUMMARY AND CONCLUSIONS 


1. This investigation was limited to beams of one size and type of loading, 
with only one test of each of the eight aggregates at each compressive strength. 
Span was 6 ft 6 in., depth to steel was 10 1 in., and loading was at third points, 

2. The ultimate load of these beams without shear reinforcement, and 
failing in diagonal tension, was materially affected by the location of the 
diagonal crack. Therefore, only loads at diagonal cracking were used to com- 
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pare the nominal shear strengths. Ultimate loads above this cracking load 


- were obtained only by chance and thus had no practical significance. 


3. While the nominal unit shear strength of the lightweight concrete was 
lower than that of companion normal weight concrete beams, a comparison 
with normal weight concrete beams tested by other investigators shows com- 
parable shear strength for concretes of the same compressive strength when 
used in unrestrained beams. In restrained beams, some lightweight aggre- 
gates may develop higher shrinkage stresses than normal weight aggregates. 


4. All values of unit shear strength reported have safety factors of 2.0 to 
4.0 above the ACI Building Code working stresses, the lower value being 


_applicable to lower strength concretes. 


5. The nominal unit shear strengths were similar for all types of light-— 
weight aggregate with the exception of the higher values for Aggregate 7. 

6. The deflections of both the normal weight and the lightweight beams 
after flexural cracking under working loads were computed by the “transformed 
eross section”? method with acceptable accuracy. However, such computations 
should use realistic values of modulus of elasticity for the concrete. 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Development of the new AASHO 
specifications for composite steel and 
concrete bridges 

I. M. Vist, R. S. Founrary, and C. P. Srmss, Bulle- 
tin No. 174, Highway Research Board, 1958, pp. 1-17 

The AASHO Committee on Bridges and 
Structures in 1955 prepared a new specifica- 
tion for composite bridges. The scope of the 
specification was restricted to structures 
composed of steel beams with concrete deck 
slabs connected by shear connectors. 

The major new provisions are concerned 
with the design of shear connectors, the de- 
sign of negative moment sections, and the 
effects of creep of concrete on the stress con- 
ditions in a composite beam. 


Construction 


Below grade construction 
Building Construction Illustrated, V. 25, No. 1, July 


1958, pp. 32-46 

Discusses and pictures practice in the con- 
struction of foundations of various types, 
slabs on grade, basements, crawl spaces, re- 
taining walls, etc. Unusually well illustrated, 
the article should interest estimators as well 
as designers and builders. 


Winter construction 
CG. R. Crocxnr, The Engineering J ournal (Montreal), 
V. 41, No. 2, Feb. 1958, pp. 43-49 (discussion, p. 77) 
Reviewed by Aron L. Mirsky 
A comparison of Swedish, Russian, and 
Canadian methods of winter concreting, and 
an outline of what could be done, particularly 
by architects and engineers, to reduce costs 
on this type of construction. Primary goal 
is more efficient utilization of labor without 


summer employment and winter unemploy- 
ment peaks. 


Design for a warped deck garage 
E. M. Kuoury, Consulting Engineer, V. 10, No. 1, 
Jan. 1958, pp. 109-111 
Reviewed by Aron L. Mirsky 

Interesting approach to the problem of 
large multideck parking garages: all decks 
are level except at center of structure, where 
they are warped in the form of a hyperbolic 
paraboloid which serves as the travel lanes 
between floors. Level exterior portions 
could even be used for offices, with parking 
space in core. 


The import of concrete for modern 
construction (Die Bedeutung des Beions 
fur das neuzeitliche Bauwesen) 
Prrpr Miscu, Die Bauzeitung (Stuttgart), V. 62, 
No. 9, Sept. 1957, pp. 426-428 
- Reviewed by Anon L. Mirsky 

Brief but trenchant presentation of the 
uses to which concrete has recently been put 
(e.g., tall TV tower, Stuttgart; Benjamin 
Franklin Hall, Berlin; and others), and the 
role of cooperation among architect, engi- 
neer, contractor, material man, and others 
concerned in attaining this stature and 
maintaining it in the future. 


Dams 


Experience on arch dam construction 
in Norway (in Norwegian) 
Cur. F. Groner, Nordisk Betong (Stockholm), V. 2, 
No. 1, 1958, pp. 1-12 
Reviewed by Maracaret CorBIn 

Since 1930 arch dams in Norway have been 
designed as slender reinforced concrete dams 
with a cement content of 350-400 kg per cu m. 
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They are built with as few construction joints 
as possible; all the joints are dentated (ser- 
rated) to prevent seepage. The downstream 
side is protected with an insulating wall to 
avoid frost damage. Excellent experience 
with concrete dams has been recorded so far 
and they are considered superior to all other 
types of dams both with respect to safety 
factor and to statically correct force distribu- 
tion. 


Design 

Steel stresses in reinforced concrete 
bridges 

G. B. Cotsrivgr, Surveyor and Municipal and County 

Engineer (London), V. 117, No. 3443, Apr. 19, 1958, 

p. 350 

HieHway Researcu ABsTRACTS 

JuNE 1958 

As far as allowable working stresses in 

reinforcement are concerned, British practice 

has tended in the past to be more conservative 

than in most continental countries. Conti- 

nental engineers have revised their ideas on 

the stresses to be used in bridge design and 


_ have worked to much higher steel stresses in 


many important bridges built since the war. 

Table shows the maximum permitted 
stresses in high tensile steel in bridge struc- 
tures in various European countries. 


Design of folded plate roofs 
Howarp Simpson, Proceedings, ASCE, V. 84, ST 1, 
Jan. 1958, pp. 1508-1-1508-21 
Avrnor's SUMMARY 

The procedure for the analysis of a single- 
span folded plate structure is reviewed and 
discussed with the aid of an illustrative 
example. The effects of relative displace- 
ments of the longitudinal edges are considered. 


South American meetings on struc- 
tural engineering—official record of 
the fifth meeting (Jornadas Sudameri- 
canas de ingenieria estructural—mem- 
orias de las quintas jornadas) 


Facuury or ENaineering or tun Universiry or 

Uruavay, Ministery of Public Works and Ministery 

e qeciucssion of Uruguay, Montevideo, Oct. 1954, 
pp. 


Reviewed by Cetso A. CaRBONELL 


The book describes 21 works presented 
during the October, 1954, meeting all of them 
dealing with scientific structural studies. 
Argentina presented one paper; Brazil 
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seven; Chile five; and Uruguay eight. Each 
one of the works is an exhaustive study of a 
particular structural problem with a good 
number of illustrations and examples. A 
good addition to the library of a structural 
engineer. 


Failure of reinforced concrete beams 
subject to bending and shearing 
stresses (La rupture par flexion et par 
effort tranchant dans les poutres en 


béton arme) 
R. CHampaup, Annales de l'Institut Techni du 
Batiment et des Travaux Publics (Paris), No. 110, Feb. 
1957, pp. 169-205 
Reviewed by Henri Perrin 

In the first part the author summarizes his 
theory on failure by bending which he had 
already presented in previous papers. The 
second part deals with a new approach to 
explain failure by shear. Only simple beams 
of I-section and T-section are considered. It 
is suggested that the concrete struts under 
compression are more inclined on the hori- 
zontal than generally assumed. Various 
aspects of the problem are covered by new 
formulas, as for instance a lower limit for 
shear reinforcement. Comparisons between 
computed values and test results confirm the 
proposed theory. A few photographs of 
tested beams are also commented on. 


Types and forms of shell structures 
Mito S. Kercuum, Ketchum and Konkel, Denver, 
1958, 122 pp. 

Provides sketches and descriptions of the 
many variations possible with concrete shell 
structures. Purpose of the booklet is to aid 
the designer in selection of a structure for a 
particular project. Particularly appropriate 
for architects or structural engineers working 
for architects. 


Analysis and tests of translational 
shells of composite concrete and ma- 
sonry (Berechnung von doppelt ge- 
krimmten Schalen und Versuche an 
solchen aus Tonhohlsteinen) 
V7, Non Bo, Mage S100 ep meitana (Zurich), 
Develops theory for analysis of the mem- 
brane stresses in translational shells followed 
by a method of calculating edge stresses. 
Compares theories illustrated by numerical 
example and then compares to test results on 
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composite shells of reinforced concrete and 
masonry. Shells are composed of light hol- 
low tile laid up on templates and light shores 
and then concreted. The test load consisted 
of sand bags suspended beneath the shell 
with loading controlled by pneumatic in- 
flated cushions. 


Design of tilt up buildings 
F. Tuomas Coxiins, Know How Publications, San 
Gabriel, Calif., Ist Edition, 1958, 162 pp., $12.50 
Since tilt up is basically job site prefabrica- 
tion, maximum economy requires design and 
details suitable for the construction method 
and familiar to the construction trades. The 
book presents designs and details to utilize 
proven field procedures, as well as many 
proposed improvements including the use of 
prestressing. Most detail and design em- 
phasizes resistance to wind and earthquake. 


Course on experimental analysis of 
structures (Curso de analisis experi- 


mental de estructuras) 

Junio Ricatpont, Faculty of Engineering, Univer- 

sity of Uruguay, Montevideo, Sept. 1957, 170 pp. 
Reviewed by Crtso A. CARBONELL 

Explains the different techniques in use 
for the experimental analysis of structures, 
not only in its theoretical aspect but also 
with comments about the scope and possibili- 
ties of each case and its practical applica- 
tions. It is actually a textbook to be used 
‘by the civil and industrial engineering stu- 
dents in the University of Montevideo. 

The author specifically avoids the details 
of construction and manipulation of equip- 
ment leaving this matter to the specialists, 
but he cites some references specially selected 
for this purpose. 


Materials 


Alkali reactions in concrete—General 
(Alment om alkali reaktioner i beton) 
P. Nerenst, Progress Report Ai, Committee on Alkali 
Reactions in Concrete, Danish National Institute of 
Building Research and the Academy of Technical 
Sciences, Copenhagen, 1957, 44 pp., 12 D.kr. (25 per- 
cent discount may be obtained by ordering full series) 
An introduction to the work of the Com- 
mittee on Alkali Reactions in Concrete of the 
Danish National Institute of Building Re- 
search and the Academy of Technical Sciences. 
_- This report is meant to give Scandanavian 
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Pn 


readers an over-all impression of the nature 
of alkali reactions in concrete based mainly on 
literature in the English language. 

The first sections deal with the economical 
and technological aspects of the durability of 
concrete as a whole. A brief historical review 
of the research carried out in the United States 
on alkali reactions is presented, as well as a 
short summary of test methods. The paper 
contains several references to other publica- 
tions of the committee and a comprehensive 
bibliography. 

Two previous Progress Reports were re- 
viewed in the ACI Journan in May 1957, 
Proc. V. 53, p. 1099, and in May 1958, 
Proc. V. 54, p. 1015. 


Classification of Danish flints etc. 


based on x-ray diffractometry 

A. Tovsore Junsmn, C. J. WOHLK, K. Drencx, and 
E. Krocu ANDERSEN, Progress Report D1, Committee 
on Alkali Reactions in Concrete, Danish National In- 
stitute of Building Research and the Academy of 
Technical Sciences, Copenhagen, 1957, 37 pp., 12 D.kr. 
(25 percent discount may be obtained by ordering the 
whole series) 

Forty-two Danish flints and other siliceous 
rocks have been studied by quantitative X-ray 
diffractometric methods. Most of the speci- 
mens were types used as aggregate in field 
concrete. The results have been tabulated in 
order of decreasing percentage of a-quartz. 
The order adopted is presumably also one of 
increasing chemical reactivity. 

Opal in the petrographic sense is shown to 
be not an “end member” in the silica-hydrous 
silica system, but to comprise a range of sub- 
stances extending from (1) the completely 
glassy through (2) the-partly platycrypto- 
crystalline with cristobalitic atomic arrange- 
ment of increasing order to (3) a state where a 
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considerable part of the silica is present as 
a-quartz. 

It remains to be seen if the classification of 
flints and other siliceous rocks based on petro- 
graphic examination or on x-ray diffracto- 
metry is the more useful one for the under- 
standing of alkali reactivity. 


Occurring of flint and chert types in 
Denmark (Flintforekomster i Danmark) 


Heiep Gry and Bent SonpERGAARD, Progress Report 
D 2, Committee on Alkali Reactions in Concrete, 
Danish National Institute of Building Research and 
the Academy of Technical Sciences, Copenhagen, 
1958, 63 pp.; English summary, pp. 50-63; 12 D.kr. 
(25 percent discount may be obtained by ordering full 
series) 

Presents a petrographic description of the 
Danish Cretaceous cherts (flints) and other 


silicified rocks in Denmark. 


Anhydrite cement (in Croatian-Serbian) 
B. Nxsovic, Nase Gradevinarstvo (Belgrade), V. 12, 
No. 1, Jan., 1958, pp. 34-39 
Reviewed by J. J. PovrvKa 

With reference to research of P. P. Budnikov 
(Russian Academy of Science), author thor- 
oughly discusses properties and economy of 
anhydrite cements compared with typical lime 
and gypsum cements. Anhydrite, a mineral, 
differing chemically from gypsum in contain- 
ing no water of crystallization, is found in 
great quantities in Bosnia and Herzegovina. 
Tests proved, e.g., that compressive strength 
of cement with 50 percent anhydrite, 3800 psi, 
increased to 5300 psi when 90 percent an- 
hydrite was added. Manufacturing process 
of anhydrite cement is described. 


Cement and concrete 
ASTM Special Technical Publication No. 205, Jan. 
1958, 152 pp., $4.00 

A collection of papers presented during 
the Second Pacific Area National Meeting of 
the American Society for Testing Materials 
held in Los Angeles, Sept. 17, 1956. 


Effect of storage on air-entraining cements 
uf ‘6 McCoy and 8. B. Hens, pp. 1-5 (discussion, 
p. 


Avurnors' SumMARY 


Results of tests on samples of Types I, TAS 
IIA, and IIIA portland cement stored under 
various conditions for periods up to 5 years 
are reported. The effect of time and condi- 
tions of storage on air content, ignition loss, 
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specific surface, and free lime results was 
determined at intervals during the 5-year 
period. These tests show that aging of 
cement does not cause any significant change 
in the above properties, or the setting time, 
or compressive strength if the cement is 
properly stored so as to prevent any reaction 
with moisture or carbon dioxide, as would 
be shown by no appreciable increase in the 
ignition loss. 


Hydrophobic cement 
U W. Srott, pp. 7-15 (discussion p. 16) 


AvtHor's SUMMARY 

The resistance to atmospheric deteriora- 
tion of fresh portland cement can be increased 
through the use of small amounts of inter- 
ground oleic acid. Laboratory tests have 
demonstrated that the ‘addition of from 0.1 
to 0.4 percent oleic acid decreases the effort 
required during finish grinding of cement; 
that a more deterioration-resistant fresh 
cement will result; and that if the air-entrain- 
ing tendencies of portland cement so treated 


are controlled, the resultant mortars and , 


concretes are similar to those obtained using 
untreated cements. A suitable air-detrain- 
ing agent is tri-n-butyl phosphate. This air- 
reducing agent may be either interground or 
added at time of mixing. 


Carbonation of hydrated portland cement 
GrorGe VeRBECK, pp. 17-36 
Avuruor's SumMARY 


Existing experimental and physicochemi- 
cal evidence regarding carbonation of the con- 
stitutents of portland cement is reviewed and 
indicates that substantially all of the consti- 
tuents of cement are subject to ultimate 
carbonation under ideal conditions. 


Humidity during exposure to carbon dio- 
xide appears to be a major factor influencing 
the shrinkage directly produced by carbona- 
tion. Concentration of carbon dioxide and 


size of specimen also have important effects, 


possibly produced by indirect changes in 
humidity within the specimem. Increased 
subsequent volume stability to moisture 
change was obtained by prior carbonation. 
The influence of high pressure steam curing 
procedures on some physical properties of 
cement pastes containing siliceous additions 
is presented. The amount of water vapor 
absorbed at 36 percent relative humidity is a 
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measure of the amount and nature of the 
hydration product and is influenced by sili- 
ceous additions and decreased during curing 
at elevated temperatures. This fundamental 
characteristic of the hydration product: is 
closely related to the elastic modulus, water- 
loss shrinkage, carbonation shrinkage, degree 
of carbonation, and water permeability of 
the paste. 

The strict physicochemical significance of 
the phenolphthalein color test for estimating 
depth of penetration by carbon dioxide gas 
is questioned. 


The partial replacement of portland cement in con- 
crete 
Bryant Matrunr, pp. 37-67 iaeeece pp. 67-73) 


UTHOR’s SUMMARY 

Sixteen replacement materials, including 
representatives of six classes—blast furnace 
slag, natural cement, fly ash, volcanic glass, 
calcined opaline shale, and uncalcined diato- 
mite—were investigated together with five 
portland cements: two Type I cements, of 
low and high alkali content, a Type II, a 


Type III, and a Type IV. A total of 123 


concrete mixtures containing crushed lime- 
stone aggregates up to 34 in. in size, 6 + 4% 
percent air, and having a slump of approxi- 
mately 214 in. were proportioned. About 
half the mixtures had a water-cement ratio 
of 0.5 by weight, to represent structural con- 
erete, the remainder 0.8 to represent mass 
concrete. The 16 materials were used as 
partial replacements of portland cement in 
various percentages by solid volume from 
8 to 70. The performance of the replacement 
materials in concrete was rated against se- 
lected values for certain properties regarded 
as critical for the two classes of concrete 


studied. 


Alkali-aggregate phase of chemical reactivity in 
concrete. Part Il—Deleterious reactions observed 
in field concrete structures 

J. A. Hustur and O. F. Smirx, pp. 74-88 (discussion, 


. 89-90 
bd : AutHors’ SUMMARY 


A report on an investigation of field struc- 

- tures showing effects of chemical reactivity 
between cement and aggregate. The history 
of each structure was examined to determine 
the source and type of cement and aggregate. 
Gels and affected aggregate particles from 
_-these structures were examined and analyzed. 


~ 
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Concrete containing pozzolans was examined, 
including a chemical investigation of reac- 
tions of pozzolanic materials. 


Effect of aggregate quality on resistance of con- 
crete to abrasion 
F, L. Smrrn, pp. 91-105 digits p. 106) 


UTHOR'S SUMMARY 

Sixty concrete mixes using different com- 
binations of aggregate, combining good qual- 
ity sand and gravels with poor quality sand 
and gravels, different sand contents and 
water-cement ratios, the latter ranging from 
0.32 to 0.70, were used to determine their 
effect on the resistance of concrete to abra- 
sion. Aggregates were selected which repre- 
sented Los Angeles abrasion losses at 500 
revolutions ranging between 12.6 and 39.1 
percent. Measure of resistance to abrasion 
loss was determined by three types of abra- 
sion machines: the Davis steel ball and the 
dressing wheel abrasion apparatus, which 
represent the types of wear caused by steel 
wheels under heavy load, and the Ruemelin 
shotblast apparatus, which simulates the 
erosion caused by solids in flowing water. 

Abrasion resistance varies directly with 
both compressive strength and cement con- 
tent and inversely with water-cement ratio, 
regardless of aggregate quality or combina- 
tions of aggregate used. No significant cor- 
relation was found to exist between the qual- 
ity of the coarse aggregate as determined by 
either the sodium sulfate soundness or the 
Los Angeles abrasion test and the resistance 
to abrasion of concrete containing these 
aggregates. 


Tests of prestressed expanded-shale concrete 
beams subjected to short-time and sustained loads 


Raymonp B. Davis, G. E. TROXELL, D. O. McCatL, 
and Ray A. McCann, pp. 107-130 (discussion pp. 
130-134 


Autuors’ SUMMARY 

This paper gives the results of tests on 19 
flexural members of prestressed concrete, of 
lengths ranging from 24 to 65 ft and includ-_ 
ing beams of double-T section for floors and 
roofs, box beams for floor systems of bridges 
and buildings, and girders and purlins of 
L-section for roofs. Most of the members 
were composed of expanded shale lightweight 
concrete, and the steel was pretensioned. 
Most of the tests were made under loading 
which would produce failure in bending; 
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others in shear. Observations were made on 
all flexural members to determine deflections 
and cracking, and on selected beams to deter- 
mine longitudinal strains in flexure or strength 
in shear. Auxiliary tests were made to deter- 
mine compressive strength and modulus of 
elasticity of concrete, creep of concrete under 
sustained compressive stress, and loss of ten- 
sion in steel reinforcement due to creep. 

In general, the tests confirm the assump- 
tions commonly made in design of prestressed 
concrete beams. 


A physical method for determining the composi- 
tion of hardened concrete 
Mixos PonivKa, J. W. Kewtuy, and Cecm H. Best, 
pp. 135-152 

AvutHors’ SUMMARY 

This paper describes a “‘point-count’’ 
method of determining the cement content 
of hardened portland cement concrete by 
analysis of a cut section with a traveling 
microscope. The voids and aggregate con- 
tent are estimated by direct observation; the 
cement content is then determined by differ- 
ence, with correction for nonevaporable water 
in the cement paste. Sand-aggregate ratio is 
also computed. 

Comparisons are made with results of 
chemical analysis according to ASTM C 85-54 
and two other chemical methods developed 
during the investigation. The precision of 
each method is estimated, and the advantages 
and limitations are discussed. 


Optimum amounts of chlorides added 
to concrete mixes placed in pavements 
at temperatures below freezing (in 
Russian) 
V. I. Overarov, Beton i Zhelezobeton (Moscow), No. 2, 
Feb. 1958, pp. 55-60 
Reviewed by D. Warsrrin 

Recent studies of “cold” concreting showed 
that additions of calcium and sodium chlor- 
ides up to 16 percent by weight of mixing 
water have resulted in adequate strength 
development of concrete placed at from —5C 
to —10C, without preheating or any protec- 
tion. The author stresses the need for the 
concrete to develop no less than 50 percent 
of its design strength within the period of 
“cold” cure at specified temperatures before 
the concrete is permitted to freeze at appre- 
ciably lower temperatures. Under this condi- 
tion of initial “cold” cure, the compressive and 
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transverse strength of the concrete showed a 
progressive increase up to an age of 360 days. 
The amounts of chlorides varied in the follow- 
ing amounts: 12 percent of NaCl, 8 percent 
NaCl + 4 percent CaCl2, 12 percent NaCl + 
2 percent CaCl, and 12 percent NaCl + 4 
percent CaCl:. In some cases the concretes 
containing CaCl, developed higher strengths 
at 360 days than the control specimens. The 
proportions of the concrete were 1:1.9:3.7 
with W/C = 0.45. The specimens were 
15 x 15 x 75-cm. prisms and the compressive 
strengths were determined on modified cubes. 


Insoluble residue determination in 
portland and portland-slag cements 
W. J. Hatsteap and Bernarp Cuarxken, ASTM 
Bulletin, No. 229, Apr. 1958, pp. 60-61 

The ASTM method of analysis for insoluble 
residue in cement was found to give variable 
results depending upon the analyst’s inter- 
pretation of the specified conditions. The 
authors suggest modifications and clarifica- 
tions to increase the reproducibility of the test 
results. They compared the federal method 
with the ASTM procedure and obtained 
different results for certain interpretations of 
the latter procedure. 


Characteristics of special aluminous 
cement (in Japanese) 
Ranzo NaGano, Semento Gijutsu Nenpo, No. 3, 1949, 
pp. 52-58 
Ceramic ABSTRACTS 
May 1958 (Y. Suzukawa) 
To elucidate the characteristics of special 
aluminous cement prepared and patented by 
Hashimoto and Nagano, four compounds of 
the system CaQ-Al,0; were prepared from 
pure chemical reagents. The setting time and 
the strength developed by mortar and con- 
crete were determined for all compounds 
except 8CaO-Al.O; 


Tensile tests of prestressing steel at 
elevated temperatures and evaluation 
of fire tests on prestressed and non- 
prestressed reinforced concrete mem- 
bers (in German) 

DaNNENBERG, Dp and Metcuior, Pro- 


edings, Deutscher Ausschuss far Stahlbeto 
ceedings, Deutscher Ausse i 
V. 122, 1957, pp. 9-35 can n (Berlin), 


Reviewed by Patrick E. Murpuy 


Tensile tests of prestressing wires (0.2-in. 
diameter) and bars (1-in. diameter) heated to 
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300 C, 500 C, and 600 C are reported. The 
results of these were combined with previous 
German fire tests on reinforced concrete mem- 
bers and some recent English and Dutch fire 
tests with prestressed concrete to form the 
basis for prediction of effect: of fire damage to 
prestressed concrete members. 


Pavements 


Provisional roads made of prefabri- 
cated reinforced concrete slabs (in 
Polish) 


S. Nowak, Przeglad Budowlany (Warsaw), No. 11, 


1956, pp. 450-451 
Poxisn THcHNICAL ABSTRACTS 


No. 4 (28) 1957 

The surface of provisional roads is laid with 
transportable reinforced concrete slabs of 
dimensions: 3 x 2.5 x 0.17 m, the weight of one 
slab amounting to 3020 kg. The slabs are 
laid in position by means of a truck crane. 
The surface of prefabricated slabs is smooth 
and they are much more durable than broken 
stone. A much higher degree of free passage 
for automotive traffic is ensured, irrespective 
of atmospheric conditions. 


Prestressed Concrete 


Advanced prestressed concrete design 
Engineering Progress at the University of Florida, V. 12, 
No. 4, Apr. 1958; Bulletin 96, Florida Engineering and 
Industrial Experiment Station, 140 pp. $3 

A compilation of papers presented at the 
Second National Prestressed Concrete Short 
Course, Jan. 27-31, 1958. The book contains 
12 papers which include: an introduction to 
methods of prestressing and elastic design; 
five papers on materials uesd in prestressed 
concrete; and separate papers on composite 
beams, choice of sections and camber, bridge 
design, ultimate strength design, long span 
designs, unusual design examples, and con- 
tinuous bridge beam design. 


Approaches to street bridge over the 
River Glomma at Fredrikstad, Norway 
(in Norwegian) 


A. G. FrRANDSEN, E. KALHAUGE, Cur. OsTENFELD and 
E. Strommn, Nordisk Betong (Stockholm), V. 2, No. 1, 


1958, pp. 13-44 
a Reviewed by MarGARET CorBIN 


Paper describes concrete approaches, 500 m 
long, to the main 196-m steel bridge span. 
“The approaches consist of three continuous 


sections with spans of 23 m each. Precast 


“ 
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prestressed concrete main girders are sup- 
ported on cast-in-place columns with a mean 
height of 19 m (individual column height 
varies from 6 to 32m). Each girder weighed 
60 metric tons. After prestressing the beams 
were hoisted to the top of the columns, placed 
on flat jacks for vertical adjustment, and 
rendered continuous by local prestressing 
over the columns. A special steel bridge, 
used in erecting the main girders, was also 
used, in structural cooperation with the pre- 
stressed girders, to carry the formwork for the 
bridge slab, whereupon it was moved to the 
next section. 


Transfer of prestress from pretensioned 
tendons to the concrete (in Russian) 


E. G. Ratz, M. M. Kao~MyaNskyY, and V. M. Kot- 
NER, Beton 1 Zhelezobeton (Moscow), No. 1, Jan. 1958, 


pp. 413 
Reviewed by D. WATSTEIN 


The authors present the results of an experi- 
mental and an analytical study of the problem 
of anchorage of pretensioned reinforcement. 
The test specimens were prisms ranging in 
cross section from 4 x 4 cm to 8 x 8 cm, and 
from 130 cm to 700 cm inlength. The tendons 
consisted either of individual wires of 3, 4, 
and 5 mm diameter, or of two-wire (2.6 mm) 
and seven-wire (1.6 mm) strands. The indi- 
vidual wire tendons were deformed by means 
of indentations of variable depth and spacing. 
The strength of concrete at the time of transfer 
of prestress varied from 200 to 500 kg/per 
sq cm, and the level of prestress ranged from 
0.04 to 0.60 of the cube strength of the 
concrete. 

Extensive measurements of the distribution 
of slip near the ends of the tendons were made 
by means of optical comparators mounted at 
various sections of the concrete. The con- 
crete was cored out at those sections to permit 
observation of the steel. Measurements made 
over long periods of time indicated that for 
wires having indentations, slip of the tendons 
ceases to increase after 30 to 40 days. From 
the observed values of slip, the required an-. 
chorage lengths were estimated for concretes 
of different strengths and for different types 

of reinforcement stressed from 2000 to 12,000 
kg/per sqem. A substantial reduction in the 
required anchorage length was noted as the 
concrete strength was increased. For tendons 
stressed to 10,000 kg/per sq cm, the required 
anchorage was reduced by a factor of from 
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2 to 5 as the concrete strength increased from 
200 to 500/ kg per sq cm. 

In the theoretical treatment of the problem, 
equations were developed for the distribution 
of slip within the anchorage length. Expres- 
sions are also given for the relationship be- 
tween the stress in the reinforcement and the 
slip of the tendon with respect to concrete. 
The expression for the stress within the 
anchorage length shows that the distribution 
of stress changes with the level of stress and 
the diameter of the wire. 


Water tower in the town of Orebro, 
Sweden (in Swedish) 
Eruine Rernivs and Kurt Errxsson, Nordisk Betong 
(Stockholm), V. 2, No. 1, 1958 pp. 45-72 
Reviewed by MarGaret Corsin 
The water tower in Orebro, Sweden, has an 
unconventional shape, a volume of 9000 cu m 
and a total height of 58 m from ground level. 
Elevator shaft and stairway lead to a restau- 
rant housed on top. The major part of the 
outer reservoir wall is a horizontally pre- 
stressed conical shell. The outer face of the 
wall is polygonal with 32 faces, every other 
one projecting 20 cm in order to provide 
anchorage for the prestressing cables. The 
lower part of the wall has a double curvature 
zone so as to furnish a smooth transition from 
the conical shell to a footring on top of the 
supporting cylindrical structure. Radii were 
chosen to produce moderate boundary mo- 
ments and shearing forces, so that no pre- 
stressing was needed in the transition zone. 
Shell analysis is given. A model of the res- 
ervoir was made and tested for internal water 
pressure. Prestressing operations and erec- 
tion of cast-on-the-ground tank by means of 
32 hydraulic jacks are described. 


Scientific principles of the application 
of natural stone in prestressed struc- 
tures (in Polish) 
J. PierrzyKkowskt1, Inzynieria i Budownictwo (War- 
saw), No. 12, 1956, pp. 457-466 
Pouisu Tecunicat AnsTracrs 
No. 3 (27) 1957 
From the economic point of view (quarrying 
and hewing costs, transport, equipment, ete.), 
and assuming a definite working level of 
technology and standardization of production 
processes, stone may successfully compete 
with reinforced concrete in certain types of 
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prestressed constructions. Detailed experi- 
ments were made with a view to solving the 
appropriate technical problems, and the re- 
sults obtained were then compared with similar 
data obtained from abroad. Particular at- 
tention was paid to the problem of joints 
between stone elements carrying the prestress- 
ing forces as well as to that of permissible toler- 
ances. It appears desirable that in such tests 
a safety coefficient for every individual case 
should be applied consisting of a number of 
coefficients characteristic of the stone proper- 
ties as well as of individual working conditions 
of a given structure. 


Experiments with prestressed concrete 
piles for deep water foundations in 
Lake Maracaibo (in Spanish) 
GuitterMo Jose Papron R., Revista del Colegio de 
Ingenieros de Venezuela (Caracas), No. 261, Dec. 1957, 
sath 1 Reviewed by Joseru J. WADDELL 
The author describes design and construc- 
tion of prestressed concrete piles. Piles were 
pointed, hollow, and were cast in a horizontal 
position, using conventional reinforcing plus . 
tensioned cables. The piles were tested as 
follows: 


1. A 33-ft pile was tested in flexure to 
failure. 


2. A 60-ft pile was driven into hard ground 
to test the strength of the head of the pile 
while driving. 

3. A 145-ft pile was tested in flexure to 
determine the maximum moment under a 
limited load, then driven, in deep water, into 
hard ground, treating it in the same manner as 
piles driven at actual sites in deep water. 

After the pile had been driven, its resistance 
to flexure and deflection was tested by apply- 
ing a horizontal force at the butt of the pile 
until failure occurred. 

Considerable space in this well illustrated 
article is given to discussions of design criteria 
and methods of construction, 


Grout used for prestressed concrete (in 
German) 


Kurr Wauz, Zement-Kalk-Gips (Wi _Y. 
No. 2, 1957, pp. 53-56 ps (Wiesbaden), V. 10, 


Crramic Ansrracrs 
June 1958 (Hartenheim) 


The essential properties of grout are suffi- 


cient fluidity, low shrinkage, and no water 
separation. The water-cement ratio in the 
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preparation of grout is usually 0.36 to 0.44, 
but it should be as low as possible to give 
high strength and early resistance to frost. 
Agents added to increase fluidity should not 
contain CaCl, Testing methods are de- 
scribed. 


Pressure grouting for prestressed con- 
crete (Einpressmortel fir Spannbeton) 


Reprinted from Beton- und Stahlbetonbau (Berlin), 
V. 52, No. 12, Dec. 1957 and V. 53, No. 1, Jan. 1958, 


19 pp. 

A collection of five papers which present 
building code requirements for pressure 
grout, new developments in code requirements 
for pressure grouting, testing of materials and 
grout, shrinkage and volume change of grout, 
and new equipment for grouting. 


Properties of Concrete 


Frost resistance of mass concrete 


J. Onru, Schweizer Archiv fir angewandte Wissenschaft 
und Technik (Solothurn), V. 23, No. 6, 1957, pp. 179- 


88; and No. 7, 1957, pp. 215-31 
Crramic ABSTRACTS 
June 1958 (Hartenheim) 


Amount of cement, cement-water ratio, 
granulometry, and aggregates are important 
in concrete subjected to extreme and rapid 


changes in temperature. Their influence on 


the physical behavior of concrete is shown. 


Discussion on the ultrasonic testing of 


concrete 
R. Jonzs, and others, The Structural Engineer (Lon- 


don), V. 35, No. 5, May 1957, pp. 190-206 
Reviewed by C. P. Simss 

Seminar relating to techniques and applica- 
tions of pulse-velocity technique. Several 
contributions mentioned unreliability of 
velocity-strength correlation although veloc- 
ity-modulus correlation was good. Also 
several references to need and difficulty of 
measuring length of path. In spite of these 
limitations numerous practical applications 
in laboratory, plant, and field were cited in- 
cluding: quality control of concrete in both 
precast and cast-in-place construction, in- 
vestigations of structural adequacy, deter- 
mination of setting time, location of cracks, 
and others. 

Final note by C. F. Clarke describes use of 
gamma radiography using radiocobalt to 


locate reinforcement and to determine posi- 
tions and sizes of areas of low density, and 
presumably, low strength concrete. 


Effects of cement admixtures on elec- 
tric corrosion of reinforced concrete (in 


Japanese) 
Yasuo Konno, Axruiko Takepa, and SETSUII Hipr- 
sHimi, Journal, Japan Society of Civil Engineers, 
V. 43, No. 2, Feb. 1958, pp. 1-8 
Reviewed by KryvosHi OKADA 

Describes experimental research on the 
effects of admixtures, CaCl, with and without 
some calcium lignosulfonates, on the electric 
corrosion of reinforcing steel embedded in 
15-cm cube concrete specimen. Reinforce- 
ment is subjected, as anode or cathode, to 
direct current of 5, 10 and 20 volts, or to 
alternating current of 20 volts, each for 28 
days, 3 hr each day. Concludes that CaCls 
less than 1 percent of cement by weight gives 
no harm under direct current of less than 10 
volts, and, when calcium lignosulfonates used - 
together, the corrosion tendency is alleviated 
considerably even under direct current of 20 
volts. Twenty volts alternating current 
causes no corrosion for all concrete contain- 
ing the admixtures. 


Creep in concretes 
R. Durron, Bulletin No. 34, International Association 
of Testing and Research Laboratories for Materials 
and Structures (RILEM), (Paris), 1957, pp- 11-33 

A discussion of creep and shrinkage in con- 
crete under various conditions of loading and 
curing for concretes of various compositions. 
Includes a bibliography of 20 recent references. 


Shrinkage, creep, and compaction of 
high-strength concrete: Concrete of 
minimum shrinkage and creep (in 


German) 


G. Bavazs and J. Kini1an, Acta Technica Academiae 
Scientiarum Hungaricae (Budapest), V. 17, No. 1-2, 


1957, pp. 113-142 
HUNGARIAN TrcunicaL ABSTRACTS 
V. 10, No. 1, 1958 


The evaluation of shrinkage, creep, and 
compaction tests on high-strength concrete 
has led to the conclusion that the age of the 
concrete at loading is the most important 
factor affecting the magnitude of shrinkage 
and creep. Under continuous load “compac- 
tion”? occurs in concrete structures in com- 


pression. As’ a result of this compaction, 
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strength and modulus of elasticity increase. 
The earlier the concrete is loaded, the greater 
the compaction. 


Radiation shielding concrete (in Danish) 
Erik Trups¢, Ingenigren, B Edition (Copenhagen), V. 
67, No. 7, Apr. 1, 1958, pp. 239-256 
Reviewed by Jesper STRANDGAARD 
The article is intended as a brief digest of 
representative literature about radiation 
shielding with concrete. Part 1 contains a 
summary of related physical definitions and 
terminology, and in Part 2 a synopsis is given 
of the technology of concrete shields, the 
choice of aggregate and additives, the propor- 
tioning of mix, structural shape selection, and 
_ the methods of placing the concrete. Twenty- 
one different concrete mixes with unit weights 
ranging from 2450 to 6560 kg per cum, and 
three methods of placing the concrete (con- 
ventional, prepacked, puddled) are tabulated 
together with resulting mechanical properties. 


Structural Research 


Transfer of high local pressure in 
reinforced concrete (in German) 
Wo.raane Poxun, Proceedings, Deutscher Ausschuss 
fir Stahlbeton (Berlin), V. 132, 1957, pp. 37-52 
Reviewed by Parrick E. Murpuy 
The transfer of high local compressive 
forces on reinforced concrete was studied in 
full scale tests of steel piles embedded in 
concrete caps. The light steel reinforcing 
hoops provided in the cap proved entirely 
adequate for resisting the bursting stresses. 


Symposium on the observation of 
structures (in French and English) 
Transactions of the RILEM Symposium in Lisbon, 
1955, published by Laboratério Nacional de Engen- 
aria Civil, Lisbon, 1957; V. I, 228 pp., and V, II, 
1028 pp., $10.50 

Volume I discusses the general problems, 
procedures, and equipment for observing be- 
havior of structures in the field, Texts of 138 
discussions of symposium papers are included, 
along with author index, and an index of 
structures cited in the various papers. 

Volume II contains the 54 papers which deal 
with the following subjects: description and 
characteristics of instruments for measuring 
(a) displacements, joint openings, cracks and 
rotations, and (b) strains, stresses, forces, 
temperatures, and moisture; evaluation of 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


September 1958 


the properties of the materials; and programs, 
descriptions, and interpretation of results of 
observations of dams, bridges, and other 
structures. New apparatus and observation 
methods as well as improvements of others 
are described. Important structures built 
during the last 10 years are studied from the 
standpoint of their behavior during and after 
construction. 

Papers of particular interest in the field of 
concrete will be reviewed individually in 
later ‘Current Reviews”’ sections. 


Model study of a dynamically laterally 
loaded pile 
Roy D. Gaut, Proceedings, ASCE V. 84, SM 1, Feb. 
1958, 33 pp. 
Hicuway Researcu ABSTRACTS 
May 1958 
A dimensionally scaled model of a vertical 
pile in soft soil has been dynamically tested. 
Results indicate that a low frequency oscil- 
latory lateral load induces pile bending mo- 
ments which closely correspond to moments 
caused by the same load applied statically. 


Analytical computation of pile moments i 


based on the assumption of a soil modulus 
constant with depth appears to agree well 
with dynamic test results. 


Composite beams with stud shear con- 
nectors 
Bruno Tuurtmann, Bulletin No. 174, Highway Re- 
search Board, 1958, pp. 18-38 

Testing of a composite beam structure 
32 ft long is described. The shear connectors 
on one of the beams were 34-in. diameter 
studs with upset heads, welded to the top 
flange. On the other beam, 14-in. diameter 
studs with end hooks at right angle were used. 

Both types of shear connectors behaved 
satisfactorily under all testing conditions. 
Tentative design recommendations concern- 
ing the use of stud shear connectors are made. 


Concrete walls in compression under 
short-term axial and eccentric loads 
A. E, Smppon, Publications, International Associa- 


tion for Bridge and Structural Engi eering, (Zurich 
No. 16, 1956, pp. 457-468 ars Layee a 


Avurror's SUMMARY 
Tests were performed on full size walls and 
model walls and loads were applied over all 


or part of the wall length to include cases of 
distributed and concentrated loads. Infor- 
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mation is given on the effects on wall strength 
of varying the slenderness ratio and length of 
the wall, the strength of the concrete, the 
eccentricity and concentration of the applied 
load, and on the contribution of reinforcing 
steel to wall strength. 


Determination of concrete stresses via 
strain measurements (Spannungser- 
mitilung an Beton durch Dehnungs- 
messungen) 
Gustav Wein, VDI Zeitschrift (Diisseldorf), V. 99, 
No. 36, Dec. 21, 1957, pp. 1781-1786 
Reviewed by Aron L. Minsky 

Concise survey of two principal topics: 
effect of properties of the concrete (age, 
strength, elastic modulus, etc.), and types of 


apparatus (mechanical, electronic). 


General 
Proceedings, ASTM, V. 57 


American Society for Testing Materials, Philadelphia, 
1957, 1430 pp., $12.00 

Sixty-six reports of technical committees 
together with appendices and 52 technical 
papers and discussions on a wide variety of 
subjects pertaining to research and testing 
materials. 

All symposia and other special sessions pub- 
lished separately as Special Technical Publica- 
tions, and all papers published in the ASTM 
Bulletin are listed. 

An important adjunct is a subject and 
author index to all papers published in any 
form by the society in 1957. In addition to 
the reports and technical papers, the Proceed- 
ings contains much discussion not previously 
published. 


Materials and methods of architectural 


construction 

Harry Parker, Cuartes M. Gay, and Joun W. 

MacGourre, John Wiley & Sons, Inc., New York, 3rd 
Edition, 1958, 724 pp., $12.00 

A revision intended to bring the second 
edition (published in 1943) up-to-date. The 
book is eminently suitable as a text book for 
introductory undergraduate courses in archi- 
tecture. The principal divisions are: mate- 
rials of construction, engineering mechanics, 
and structural design and details applied in 
separate chapters for various materials of 
construction. Not suitable as a reference for 


.. : _ Practicing engineers or architects. - Most of 
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the new material added is superficial and 
obsolete older material is still included. 


Proceedings of the symposium on 
safety of structures 

Science Council of Japan, Architectural Institute of 
Japan, and Japan Society of Civil Engineers (joint 
publishers), Tokyo, Dec. 1956, 128 pp. 

Presents 15 papers on various aspects of 
safety of structures. Papers include philo- 
sophical discussion of the concept of safety 
factors, test measurements of stresses in 
railway bridges, analyses of the effects of 
variations in the strength of both reinforce- 
ment and concrete on load carrying capacity 
of a reinforced concrete structure, variations 
in strength of steel, variations in quality of 
concrete as manufactured and as placed, and 
discussions of the Japanese code for earth- 
quake safety. Individual papers of particular 
interest in the field of concrete will be re- 
viewed later. 


Applied mathematics for engineers 
and physicists 
Lovis A. Piers, McGraw-Hill Book Co., New York, 
2nd Edition, 1958, 725 pp., $8.75 

Designed for the general advanced mathe- 
matics course offered to applied scientists, 
covers a wide range of topics in the advanced 
calculus fields. Gives the engineer and ap- 
plied physicist the principal mathematical 
techniques they need to analyze the usual 
mathematical problems that arise in practice 
and to understand important current techni- 
cal papers. 


Scientific French 


Wiuuram N. Locks, John Wiley & Sons, Inc., New 
York, 1957, 112 pp., $2.25 


Scientific German 
Guorer E. Conpoyannis, John Wiley & Sons, Inc., 


New York, 1957, 165 pp., $2.50 

Brief books for self instruction or classroom 
use to develop a reading knowledge of scientif- 
ic and technical German and French. They 
are intended to be used in conjunction with a ° 
dictionary only. The books essentially con- 
sist of a bird’s-eye view of the structure of 
the two languages with different peculiarities 
and patterns explained in detail as a reference 
grammar. Suitable for either beginners or 
those who need to refresh their knowledge 
of the languages. 
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Use of the Swiss hammer for estimat- 
ing the compressive strength of hard- 


ened concrete 
Wituiam E. Gries, Public Roads, V. 30, No. 2, June 


1958, pp. 45-50 

To determine the value of the Schmidt re- 
bound hammer as a tool for estimating the 
strength of concrete used in highway construc- 
tion, three series of laboratory tests were made 
as well as numerous associated studies. The 
hammer was also used to estimate the strength 
of several concrete structures in the field: 
beam sections cast for post-tensioning in a 
bridge; bridge piers about 214 years old; a 
handrail on a bridge about 38 years old. 

Results of the various tests show that fac- 
tors such as surface smoothness, surface 
moisture condition, and type of coarse ag- 
gregate affect the strength values obtained 
by use of the device. 


Reinforced concrete bin linings hard- 
ened by means of cast iron grit and 
shavings (in Polish) 


W. Gaca and §. Bastian, Materialy Budowlane (War- 
aes No. 11, 1956; pp. 359-362, No. 12, 1956, pp. 391- 


Pouisa TEcHNICAL AnsTRACTS 

No. 3 (27) 1957 
Linings of rock material bins must be 
resistant to abrasion and also sufficiently 
strong to resist impact. Both these conditions, 
not always found together, are fulfilled by 
linings hardened by means of cast iron grit 
and shavings. Samples were subjected to 
tests—including hammer and milling tests— 
as regards resistance to abrasion, and strength 
On the basis of results obtained, the following 
conditions were determined: grain size, 
amount of grit to be added, the most suitable 
composition of vertical wall linings, and work 

method. 


Reinforced concrete in architecture 
Ary Anmep Raarat, Reinhold Publishing Corp., New 
York, 1958, 240 pp., $15 

The author states that new developments 
in structural engineering for reinforced con- 
crete are opening a gap between architecture 
and engineering in this field. The book is an 
attempt to bridge the gap in nontechnical 
language explaining the impact of new en- 
gineering principles upon architectural de- 
sign. It begins with a concise historical 
survey of the early approaches to reinforced 
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concrete including contributions by American 
engineers and then develops discussion on the 
architectural implications; in particular, of 
thin shell construction of all types. The 
discussion is made specific by numerous il- 
lustrations, drawings, and photographs of the 
principles involved and their applications in 
practice on outstanding structures throughout 
the world. Includes a 4-page bibliography. 
The book should be particularly useful and 
inspiring to creative architects and structural 
engineers dealing with such architects. 
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Manual of accident prevention in con- 
struction 
Associated General Contractors of America, Ince., 
Washington, D. C., 5th Edition, 1958, 300 pp., $3.25 
Consists of recommendations for accident 
prevention organization and individual chap- 
ters presenting recommended safe practices 
for various phases of construction work in- 
cluding concrete work. Primarily intended 
for use by contractors, the loose leaf manual 
will also be valuable as reference material to 
engineers preparing specifications or en- 
gaged in field inspection. 


Sequential analysis applied to quality 
control of concrete 
M. Grecory, Commonwealth Engineer (Melbourne), 
V. 45, No. 9, Apr. 5, 1958, pp. 51-54 

Presents a control chart on which the 
results of compression tests may be plotted 
during progress of a job. Average strength 
and control are clearly shown on the chart’and 
trends are easily recognized leading to savings 
in cement for efficient control. 


Observations on the Mexico 


earthquake of July 28, 1957 


J.J. Gounn, Architect and Engineer, Feb. 1958 ; 
UTHOR's SUMMARY 


City 


Discusses earthquake damage observed in 
Mexico City for each of the usual building 
types. Concludes that overturning is not a 
major problem because earthquake move- 
ments are too rapid. There is merit in the 
use of relatively flexible moment-resisting 
frames and stiff walls, and the lateral force 
requirements in the San Francisco code are 
adequate although the new code for Mexico 
City sets up lateral force requirements in 
some cases two to three times as severe. 


a ...it is impossible to create a beautiful ) Hi ; 
=n structure in concrete unless the architect be x 
= willing to collaborate with the engineer and 
ae the contractor from the very beginning. Some ~ , 
iy of the most astounding results in modern 
>. architecture have been obtained by simply 

a having the creativity of the engineer and the 


ae r contractor, which is of a technological char- 


acter, help the creativity of the architect, 
which is of an artistic character. _ <2 
¥ ‘ —Mario Salvadori ; 
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architectural implications 
Title No. 55-25* 


ACI headquarters 
presented a 


Challenge in Concrete 


By MINORU YAMASAKI} 


as told to Mary K. Hurd. The architect for ACI'’s 
new headquarters building recounts some of the con- 
siderations which influenced his selection of folded 
plate roof and other design elements. The potential 
of precasting for economically bringing new form 
and fine texture to concrete buildings is cited. 


\\ HEN WE WERE FIRST CALLED in to talk to the ACI Building Com- 
‘mittee, the problem as presented by the Institute simply was this: A certain 


amount of new office space was needed by the Institute; the only charge to 


the architect was to dramatize concrete in an exciting new design. Hitherto 


we had normally thought of concrete primarily in large structures, so this 
small building was an interesting challenge. 

The ACI building was a sort of turning point; for us it represented not only 
challenge but education. We wanted to use concrete in an arresting way 


*Received by the Institute Sept. 5, 1958. Title No. 55-25 is a part of copyrighted JoURNAL OF THE AMERICAN 
Concrete Ivnstituts, V. 30, No. 4, Oct., 1958, Proceedings V. 55. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Jan. 1, 1958. Address P. O. Box 4754, 


Redford Station, Detroit 19, Mich. | } : } 
+Member American Concrete Institute, Architect, Yamasaki, Leinweber and Associates, Birmingham, Mich. 


CORRIDOR CONTRAST is afforded by X-beams formed where the two 
folded plate segments of the cantilevered roof meet along the ACI 
headquarters building's central axis. Skylights are atop the diamond- 
shaped recesses, triangles of alternating blue and green fill in the other 
ceiling spaces. Fluting of the 8 in. thick walls was cast in place by fas- 
tening wooden inserts to wall forms. Final wall treatment—white paint 
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STAFF OFFICES, flooded with natural light through exterior glass walls, 
heightened brilliance of white walls and white working surfaces. 

fixtures are recessed in folds of the concrete roof whose plastered in 
the ceiling for main floor offices. 
here too, 
of interior spaciousness. 


enjoy the 
Fluorescent lighting 
terior surface forms 
End screen of hollow precast units is decorative 
and simple lines of well chosen furnishings maintain the free, uncluttered look 


Year-round air-conditioning assures optimum ventilation 


. + . to produce a form of building that was logically impossible in another 
material. Yet we wanted to keep it looking very light. Prior to the ACI 
design, the majority of our work had been in steel, but most of our recent work 
is in concrete. 


Cantilevered roof dominates scheme 


At that time I thought 


almost entirely of using concrete in planes, rather 
than in sticks. 


This was the reasoning behind the St. Louis Airport design; 
this seemed to be the way of using concrete naturally. Once we had decided 
on folding the slab, it seemed most appropriate to dramatize it by using the 


ee 
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cantilever in this small structure. Some sort of corridor was required for 
circulation in the building, and the short span of the roof could easily be 
cantilevered from the corridor walls. 


The problem then was to get the folded plate delicate enough to suit the 


be seale of the structure—the completed roof is essentially 314 in. thick, except 
5 at points where greater cover of reinforcement was needed. Someone sug- 
*- gested using a concrete entrance, but that would have destroyed the canti- 
-_ levered effect. We wanted to express the cantilever as strongly as possible. 

7 The skylight along the central corridor, which allows a pleasant natural 
. jight, is part of the fascinating flexibility of form possible in concrete .. . 
i the roof plane is turned into a beam, which casts its X-shape across the cor- 
‘si ridor. Triangular skylights nestle at the intersection of the X. 

4 Use of the vinyl coating was a challenge for the concrete industry. From 
"my point of view, it expresses concrete as a material much more than built- 
4 up roofing, but this forced us to put insulation on the inside beneath the 
a furring which was surfaced with acoustical plaster. Long lighting troughs 
> placed deep in the valleys of the roof fold complement the abundant natural 


illumination. 


EASTERN ENTRANCE DETAIL is a patterned contrast between ‘surrounding “garden” 


de of hollow precast block. End view gives a better 
lls carry entire load of the roof structure. Block for 
cast to the architect's specially designed shapes 


-_ wall and the non-structural sunsha 
- picture of how central corridor wa 
end screen and garden wall were pre 
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Other building elements 


To maintain accent on the roof cantilever, the exterior walls were nec- 
essarily light in treatment. The corridor walls carry the roof load to the 
basement box which is a stabilizer for the entire structure. Corrugation of 
concrete in the corridor walls was an ACI suggestion, a good idea though 
perhaps it should not have been so fine in scale. Here is an intimation of the 


wonderful things that concrete can do through controlled precasting. 

The heating plant stack was kept outside the building, likewise to preserve 
the freedom of the roof line. Sun shade end walls and precast exposed aggre- 
gate panels offered a chance to vary the applications of concrete. The wall 
around the site is not an enclosing one to keep us away from the neighbors, 
but one which we thought would become part of the building. Shielding the 
basement windows with pierced concrete grills expresses solidity at the sup- 
porting base of the building where it is most logical. 

I was interested in using the hollow core precast units for the first floor 
since they serve a dual purpose, housing ventilation ducts and utilities con- 


Photograph by Baltazar Korab 


DAZZLING WHITE of exposed quartz aggregate and white portland cement will 


dramatize the 40-ft high precast “trees” which comprise the facade of the new home 
for Wayne State University’s College of Education in Detroit. This design by Yamasaki 
Leinweber and Associates typifies the adaptability of form available in precast con- 
crete, repeats the architect's favored color in a pattern for continuing campus growth 
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~ LIBRARY-CONFERENCE ROOM also makes use of corrugated concrete wall surface 
produced by attaching half-rounds of wood to the face of forms. Diamond pattern 
_ pierced in concrete of the precast window grills is visible from building's interior. 

- Dropped ceiling is acoustical plaster. Chalk board can be concealed by sliding panels 


- duits. Incidentally, in the cast-in-place folded slab we used for McGregor 
~- Memorial Conference Center at Wayne State University, circular air ducts 


are inside the fold. 


Color at ACI 


Tg “Color for the Institute headquarters was used sparingly with the total 
architectural effect in mind. So far I am not very keen about color; color 
will never mean much to me unless it can make concrete more attractive in its 
~ natural state. Colors become muddy when mixed with gray cement. Perhaps 
color should be mixed only with white cement concrete to attain the clarity 
so essential to colored materials. 
B- Most of the exterior concrete has been painted gray, lighter and warmer 
than the natural color of concrete. Exposed interior concrete is painted white. 
The roof, of course, is coated with white plastic, and the precast panels at the 
base of the window mullions have rose and gray quartz set in a base of white 
mortar. A polished black terrazzo stair railing accents the front entrance 
~ and touches of black recur throughout the interior. Pale aggregate in a white 
‘mortar base comprises the terrazzo floor of the lobby, is repeated in stairways 
and landings. A single surprise of bright color is in the corridor ceiling where 
recesses in the X-beams have been painted with alternating triangles of blue 
and green, joining in a pattern with the varying hue of the skylights. 
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SIXTEEN BAYS, 40 x 40 ft, roofed with intersecting precast shells comprise the ware- 
house section of a structure designed by Yamasaki, Leinweber and Associates for 
Parke-Davis. The roof requires only six interior supporting columns made up as shown 
in the view below by joining together the vertical legs of L-shaped precast rigid frames 


PRECISION PRECASTING at 
Parke-Davis warehouse and 
office building, Menlo Park, 
Calif., simplified construction, 
left clean, exposed concrete 
interior. The 3Y2 in. thick 
triangular roof shell com- 
ponents were cut in half for 
easy erection. Rigid bent 
members, of modified L-shape, 
locked together diagonally 
acorss 40-ft bays. Side walls 
are also precast. No center- 
ing needed for field erection 


pa dyp eed 
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_ Precasting implements new form in 
architecture 


The notion of precasting came after the design at ACI, and was not an 

- inherent part of the idea. Mr. Corbetta, I believe, suggested precasting, and 

the scheme was most intriguing. An alternate for precasting the roof was 

included in the bid proposal. The contractor chose to field cast the roof ele- 

ments, and although there were many problems with this method, it was better, 
I believe, than cast-in-place work would have been. 


I have become intensely interested in precast concrete. This pioneering 
-work for the Institute has opened the way for major developments in the in- 
_ dustry. Through precasting concrete gains mechanization in its production, 

and through the processes of precasting and prestressing we can bring new 
- form to concrete for architecture. It offers a promise of escape from the fiat, 
boxy architecture that has been running rampant over the country. The 
concrete industry lags behind in its awareness of this potential; similarly it 
has scarcely begun to imagine what it can offer architecturally through the 
advantages of shop control in producing fine texture. 


Photograph by Baltazar Korab 


PONS 2 
FU NRE 


SHOTCRETE SURFACE treat- 
ment on all structural concrete 
at McGregor Memorial Con- 
ference Center, Wayne State 
University, Detroit, developed 
precision of finish to meet ex- 
acting architectural require- 
ments. Cast-in-place folded 
plates span about AO ft, and 
ventilating ducts are cast 
within the folds. The columns 
are faced with white marble 
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Realizing some of this has caused me to shift my earlier view that concrete 
was inherently more natural in slabs and planes. Our Education Building for 
Wayne State University will use 40-ft high tree shapes precast in white sur- 
faced concrete, as the accompanying illustration shows. The work we have 
done for the Parke-Davis office and warehouse at Menlo Park, Calif., has been 
a most satisfying experience with precast concrete. L-shaped column and 
roof support bents are used there with spherical-triangular roof shells and flat 
wall panels. 


Elegance in concrete 


Precast concrete is the most exciting of structural materials—it is the 
future of structure. This is true not only in dramatic spans, but in ordinary, 
everyday buildings. 

My major indictment of the concrete industry is that it persists in thinking 
of its product as a crude material. No building should be built crudely; all 
good architecture throughout history has been fine and elegant. This can and 
should be attained with concrete, and with precast concrete both elegance 
and economy are possible. We as a society should be mature enough to pro- 
vide ourselves with beautiful surroundings. Beauty is not a matter of cost : 
its attainment rests on discrimination in selection. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Jan. 1, 1959, for publication in the June 1959 JouRNAL. 
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Title No. 55-26* 


VPLLEVERED FOLDED PLATE 


roofs ACI headquarters 


By CHARLES S. WHITNEY 


THE STRUCTURAL ENGINEER REPORTS on some of the problems he considered in 


designing the folded plate roof which cantilevers 20 ft from central corridor bearing 
walls at the new ACI headquarters building. Illustration and brief comment show roof 


in relation to the total structural scheme. 


In spite of the fact that the headquarters building of the American Concrete 


Institute is one of the most unusual and exciting structures in the country, 
the basic concept is so simple and direct that very little need be said about 
the structural design. The original concept was presented by Mr. Yamasaki, 
the architect, in the form of a model to the ACI Building Committee about 2 
years ago. It was approved immediately and has been executed with no sub- 


5 a : 
*Received by the Institute Aug. 14, 1958. Title No. 55-26 is a part of copyrighted JoURNAL OF THE AMERICAN 
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CAST IN-PLACE DESIGN 


PRECAST ROOF SECTIONS 


Fig. 1—Cross sections of roof based on original cast- 
(bottom) of precast alternate which was finally adopted by contractor 


in-place proposal with one detail 


4 CANTILEVERED FOLDED PLATE 499 


The writer has had the privilege of collaborating as structural engineer with 
Mr. Yamasaki for a number of his buildings. Hach one shows originality 
and a keen understanding and appreciation of the characteristics and poten- 
tiality of reinforced concrete. In each case, the structural forms have been 
suggested by the architect and involve the most modern techniques. 

Structurally there is nothing unusual about the ACI building except that 
the roof is cantilevered out some 20 ft from the corridor wall and receives no 
assistance from the window mullions. This was at the insistence of the 
architect who would tolerate no compromise. Too much familiarity with the 

effects of plastic flow tend to make one conservative, and it was suggested 
: that the mullions might be snuggled up under the cantilevers after the dead 
load and early plastic deflections had occurred. This idea was not accepted 
and presently there is a space at the top of the exterior walls and interior 
partitions intended to accommodate all future deflections. The cantilever 1s 
therefore a true, simple cantilever and not a fixed beam with an indeterminate 
reaction at the outer end. 

The deflection at the cantilever ends was about 3 in. due to dead load when 
the falsework was removed. Plastic flow and additional dead load have in- 
creased it to about 34 in. at this time. 

The cantilever shell was designed by the ordinary beam theory (straight 
line variation of strains) because the proportions of the plates make the more 
accurate folded plate theory unnecessary. The repeated unit (Fig. 1) is 4 ft 
4 in. wide, about one-fifth of the cantilever span. At some sections the plates 
are thickened beyond the minimum of 314 in. to make room for the required 
reinforcing steel and for architectural reasons to improve the external appear- 


ance. 

In the direction normal to the cantilever span, the plates are reinforced as 
continuous slabs supported at the folds, and reinforced for both positive and 
negative moments to provide for nonuniform or concentrated loads. They 

are also reinforced to provide for 100 percent of the beam shear. The plates 
are relatively thick and the stresses near the free edges are not severe. 


Because of the small size of the building, the roof was detailed to be cast in 
place, but the specification permitted the contractor to use precast units sub- 
ject to the architect’s approval of his suggested details. The low bidder did 
elect to precast the roof in units 4 ft 4 in. wide which were welded together 


after erection to provide continuity of the plates. 


Lightweight concrete would have been desirable because of its greater in- 
sulating value, but was not used because of its higher cost. Because of the . 
- complicated surface of the roof, insulation and roofing were also too expensive, 
and the outer surface was given a coat of plastic, with the under surface furred 
and plastered. This will force the concrete shell to follow the range of ex- 


h resultant flexing of the slab which may or may not 


ternal temperatures wit 2 si 
cause some trouble in the future. In any case, it increases the importance of 


‘continuous top and bottom steel in the slab to tougher it and to resist flexure. 
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LONGITUDINAL SECTION OF FIRST FLOOR 


Fig. 2—Longitudinal section of first floor, and cross section of the entire building showing 
rigid box which comprises the basement structure 


The roof cantilevers are supported by the two monolithic reinforced concrete 
corridor walls which are themselves reinforced as cantilevers extending up 
from the basement corridor walls. They carry lateral forces to the first floor, 
below which the entire building is a rigid box (Fig. 2). 

Basement exterior and corridor walls are reinforced concrete. The first story 
corridor floor is a solid concrete slab. The balance of the first floor is made 
of 8-in. hollow core units on a 13 ft 4 in. clear span with cast-in-place beams 
of the same depth, spaced about 13 ft. The hollow core units were used to 
provide ventilating ducts leading to the exterior wall in the first story. The 
concrete floor finish over the precast units would have covered the floor out- 
lets more thoroughly if it had been at least 214 in. thick instead of 2 in., but 
it has been reasonably satisfactory to date. 

Although this building is of considerable interest because of its architecture 
and construction methods, there appears to be little to be learned from it 
structurally except how satisfactorily a folded plate without external insulation 
may serve as a roof of an office building in a northern location. Plastic coat- 
ings have been used on a number of concrete folded plate roofs and so far the 
experience is not discouraging. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Jan. 1, 1959, for publication in the June 1959 Journal. 
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The general contractor tells of precasting and erection 
of 46 folded plate sections which comprise the roof of 
the ACI headquarters building. Concrete mix data 
are given, and problems of establishing an archi- 
tecturally satisfactory finish are cited. Cast-in-place 
fluting of the corridor walls is also discussed. 


M@ EXEcUTION OF THE UNIQUELY designed ACI headquarters leaned heavily 
on good, conventional construction practices, but there were some unusual and 
difficult problems for the contractor, Aside from providing good housing for 
the Institute staff, the building serves the dual purpose of displaying concrete 
advantageously in its many varied forms. The cantilevered folded plate roof, 
precast on the job, the thin exposed aggregate panels, the decorative grills 
precast to shield the basement windows, fluting of the cast-in-plate corridor 
walls—these and other applications of concrete all had to be of top quality, 
and the contractor was responsible for their strength, durability, and perfec- 
tion of surface finish. 

Concreting was in full swing as the 1957 construction season opened. Late 
in March, general contractor, Pulte-Strang, Inc., erected a field office, cleared 


the construction site, and began foundation excavation. Unfavorable soil ; 


conditions appeared during excavation, and it was decided to lay the north 
wall footings and corridor footings on blue clay soil to avoid the unpredictable 


wet fine sand. Footings are of varying heights, and continuous footing rein- 


forcement consists of four #5 bars. A keyway was formed in the footing to tie 
into the walls. 


Steel forms for the south wall 
being put in place following 
stripping of the north wall (be- 
ing wet down in background), 
Steel is in place for columns 
between basement windows 


tN 
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Basement box... 


Over-all view from the east in early 
June exposed the basement box which 
serves as stabilizer for the building. 
Ledge above basement windows act- 
ed as base for the precast hollow core 
units making up the first floor. Partition 
wall is being formed at right. Other 
interior basement partitions were of 
concrete block masonry construction 


WALL CONSTRUCTION 


In May forms were erected and placement of concrete began for the base- 


ment walls. Standard steel panels 30 x 30 in. with numerous special sizes as 
4 required made up most of the forms with special attention going to the columns 
= and beams between and above the basement windows on north and south 
walls. +Vertical and horizontal reinforcement, #5 bars, was placed at 10 in. on 
centers in all of the basement walls. Form layout on all exposed walls was 


% planned for symmetrical appearance. The resulting smooth surface required 
patching only at the tie holes and finishing to fill surface air bubbles. Ex- 
ceptionally neat sharp corners and alignment were achieved as a result of 


the tight forms. 


Fluted walls 
In the library-conference room the architect specified random sized half- 


round recessed fluting. Milled lumber half-rounds were attached to the metal 
forms by sheet metal screws. The results, although acceptable, required 
__ extensive finishing work by the contractor and painter. Tie 
ee Fluting of the first floor corridor walls projects 14 in. from the wall surface 
and is trapezoidal in cross section. Plastic faced plywood forms with milled 
wood fluting pieces attached were used. Since air temperatures ranged up to 
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Reinforcing for roof segments was assem- Detail of reinforcing and form for beam 
bled on a jig of exact size and shape of box which was cast at the interior end of 
the folded slab form; three #9 bars are each slab section. Two boxes form X- 
main reinforcement for each roof segment beam that spans the central corridor 


100 F, a retarding admixture was used to avoid “cold joints.” In spite of the 
high quality form material and careful form workmanship, careful casting, 
and vibrating, it was impossible to meet the architect’s finish requirements 
without much hand labor in patching corners, grinding, and finishing surface 
air bubble marks. 

Architects who desire extremely fine surface and sharp corners in decorative 
concrete fluting might cut finishing costs and avoid difficulty by planning 
their structures so that decorative wall areas can be precast horizontally. 
Precasting the corridor walls for the ACI office was not considered feasible 
with a precast roof due to difficulty in making st ructurally continuous joints 
at floor and roof. 


FLOORS 


Basement floors were cast over a 4-in. base course of compacted bank run 
gravel and a 4-mil plastic vapor barrier. The 4-in. slab was reinforced with 
wire mesh. Hollow core precast units were used for all of the main floor 
except the cast-in-place corridor floors. Heating, ventilating, and wiring 
installations were made in the hollow core of floor members, A 2-in. topping— 
made with 1 part cement, 2.5 parts sand, and 2.5 parts pea gravel—was used 
above the precast floor units and on the basement floor slab. 


ROOF CONSTRUCTION 


The plan showed a reversed fold, folded plate roof cantilevered from each 
corridor wall. Deep X-shaped beams with diamond-shaped openings for 
skylights formed the tie across the corridor. The design was for cast-in- 
place construction, but precasting was permitted at the contractor’s option. 
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Placing concrete in form was by shovel Screeding and troweling provided sur- 
from elevated platform where it had been face finish. Portion to right was troweled 
since it was to be exposed in roof over- 


unloaded by truck mixer. Vibration fol- hang; remainder was screeded only, later 
lowed, ahead of finishing shown at right covered by interior plaster on the ceiling 


Knowing that the architect set high standards for finish appearance, the 
contractor decided to precast the roof principally because precasting the sec- 
tions upside down permitted achieving sharply formed lines for the exposed 
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J upper roof surface. Plastic faced plywood was used for three forms built on 

A and anchored to substantial footings for on-the-job precasting. A dummy 

4 mock-up form was used as a pattern for cutting the plywood and later served 

4 as a jig for assembling all reinforcement in units. An elevated platform was : 
3 4 built beside each form so that truck mixers could pull up and discharge concrete 

= onit. 


More than 70 detail shapes of reinforcement were used, with three #9 bars 
forming the main longitudinal reinforcement of the 2314-ft sections. Steel 
plates 34 in. thick along each edge of the section formed the transverse joint 
detail developed by the contractor. Two rows of dowels spaced 4 in. on 
centers were welded to these metal plates and embedded in the slab. After 


Finishing touches... 

Final finishing of roof slab seg- 
ment in the foreground, with 
reinforcement in place for 
casting the next slab on the 
adjacent platform. At the 
right, rear, is a third section 
awaiting lifting from the form. 
__ Finished sections of the roof | 
Z, are seen in the background 
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Erection sequence... 


Slabs were first placed on the ground near their approximate position in the building, 
then hoisted individually to rest on temporary scaffolding, later welded for continuity 


erection of the sections these plates were welded top and bottom for moment 
resistance, and longitudinal reinforcement was welded along the corridor 
center line where front and back halves of the roof joined. 


Concrete mix for roof slab 


Concrete for the folded plate members had to meet severe requirements. 
First, the varied shapes of reinforcement and inserts in the 314 in. thick slabs 
made placing difficult and slow and required a 3 g-in. Maximum size aggregate. 
Due to the July heat at time of casting, a retarded set was required. A cast- 
ing schedule calling for two units per day required 1500-psi concrete at 24 hr, 
and 4000 psi was the average strength specified. A mix containing 614 sacks 
of Type I cement plus a cement dispersing, water reducing admixture and 
pea gravel aggregate was employed. With an average initial slump of 3 in. the 
set was retarded for approximately 1 hr at concrete temperatures up to 95 F. 
One-day strengths averaged 2100 psi. Initial curing under wet burlap for 24 
hours was followed by a sprayed on liquid membrane-forming white pigmented 
curing compound, The 28-day strength averaged 5100 psi. 


Erection of the roof slab units 

After 28 days curing, all units were turned over for clean down on the 
top side. Threaded eye bolts for lifting and threaded socket inserts set flush 
minimized patching of the top. All units were numbered and measured to 
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determine over and under width 
tolerances. An erection sequence was 


‘prepared to avoid cumulative over- 
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run. In spite of all precautions a few 
transverse plates had to have opposing 
bulges trimmed by a cutting torch to 
secure the close fit required. 

Roof units were erected as simple 
beams on falsework at the window line 
and the corridor bearing wall. , ‘Two 


--gtee] shims 4 in. high on ‘the bearing” 


walls plus the point support on false- 
work gave a stable three-point bearing 
that permitted adjustment to match 
adjoining units. After completing 
main welds above the corridor and tie 
down welds to dowels in the bearing 
wall, nonshrink grout was used to 
complete the center joint and bearing 
on the wall. ° 
When structural continuity of the 
roof had been established, shoring was 
removed. A camber of 114 in. was 
provided at the window line, but im- 
mediate deflections averaged 5/16 in. 
The windows are fixed by a sliding 
joint to allow for future live load and 
creep deflections. Transverse roof 
joints above the welds were com- 
pleted to sharp edges with a patching 
grout containing a polyvinyl acetate 
emulsion as an admixture and as 
bonding coat. The exposed roof slab 
is covered only by a 40-mil thickness 
of vinyl membrane coating sprayed on 
in five layers, a treatment that retains 
the architectural integrity of the con- 
crete surface. 


MATERIALS 


The specifications required all aggre- 
gate for exposed concrete to conform 
to ASTM C 33 limits on deleterious 

material. In the Detroit area most 


natural gravels contain deleterious 


Central corridor with all roof segments in 
place ready for welding of the longitudi- 
nal reinforcement at middle of the hall 
which joins the triangular beam boxes 


After welding, forms were set in place 
(below) for casting the short connecting 
member in nonshrink mortar 
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Nearly finished... 


Front facade assumed a finished look when glazing was completed. Here workmen 
made a check of final clean-up on precast grill slabs which shield basement windows 


material which causes ‘“‘popouts”’ after freezing and thawing. Therefore, pre- 


mium aggregate produced by heavy-media separation was used in the con- 
crete for roof, building walls, and paving. 


All exterior concrete was painted with a water-thinned polyvinyl acetate 


emulsion paint. This type of paint was selected to provide a “breathing” 


coating which would not be too absorbent to contamination by industrial 
smoke and soot. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Jan. 1, 1959, for publication in the June 1959 JourNAL. 
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Concrete reinforced with fibers of steel is the 
body of our modern world in any form. Con- 
crete with steel fibers embedded in it, which 
is very like your own structure or the struc- 
ture of a tree or any structure nature indulges 
in, is going to be the body of our modern 


world. 
2 —Frank Lloyd Wright 
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design and construction 
Title No. 55-28 


Folded Plate Dome Ideal for Auditorium 


By LYNDON WELCHt 


Design and construction of a folded plate roof over an audi- 
torium at Wayne, Mich., are discussed. Dimensions, design 
loading, decentering procedure, and deflection are described. 


DESIGN REQUIREMENTS 


The Wayne Auditorium at Wayne, Mich., completed in the spring of 1958, 
is an example of unusual design and careful construction in reinforced concrete. 
The relatively wide pattern of the 900 seats falls naturally within the 


outlines of a circular enclosure approximately 100 ft in diameter. The stage 


SoH 


Lens-Art Photo 


shop, dressing rooms, band rooms, and public spaces, which make up the 
balance of the project, fit into a peripheral structure of moderate scale (see 
photo above and Fig. 1). The stage house is the only structure outside of 


the central space to rise higher than the proscenium. 


*Received by the Institute Feb. 10, 1958. Title No. 55-28 is a part of ceopyrighted JouRNAL OF THE AMERICAN 
ConcreETE INSTITUTE, Vv. 30, No. 4, Oct. 1958, Proceedings V. 55. Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Jan. 1, 1959. Address P. O. Box 4754, 
Redford Station, Detroit 19, Mich. 2 < : ; 
+Member ‘American Concrete Institute, Chief Structural Engineer, Eberle M. Smith-Associates, Inc., Detroit, 
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Fig. 1—Pattern of the 900 seats falls naturally within the outlines of a circular 
enclosure. The stage shop, dressing rooms, band rooms, public spaces, and stage 
house are grouped around the central auditorium space 


It was necessary to devise a roof over the auditorium consistent with and 
expressive of its character and function. The most direct solution to roofing 
a circular area of such a size is some sort of dome. A surface of double curva- 
ture, such as a dome, ordinarily creates difficult problems in the fabrication 
of structural steel or in the formwork for reinforced concrete. What is worse, 
the curvature tends to focus sound so as to produce loud spots and dead 
areas which would be objectionable in an auditorium. 

These considerations led logically and naturally to the use of a “folded 
dome” made up of intersecting planes. The basic structural design was for 
a reinforced concrete folded plate, for which the formwork would be a series 
of tilted flat panels, faced with plywood. The folds would tend to break 
up and scatter sound rather than concentrate it. 


During negotiation of the contract, an alternate design for the same 


shape was prepared in structural steel. When estimated, however, the 
difference in total construction cost was slight, and favored the reinforced 


concrete design. 


FOLDED PLATE ROOF 


As actually built, the roof is a 12-sided polygon composed of 12 V-shaped 
plates spanning 44 ft and rising 15 ft from a perimeter tension ring to a central 
compression ring. The tension ring is made up of four structural steel angles 
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Fig. 2—Construction details. 
Twelve V- 

shaped plates span TENS. TIE 4-5x5x%9 Ls 
7g RSPACERS@6'—0" 


} COLUMN 


(structural steel) and the rein- 
forced concrete compression 
ring. The 4-in. cap slab is 
isolated by expansion joint 
material from the compression 
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bolted to bent plates at the vertices of the polygon. The tension steel is 
encased in concrete, and concrete diaphragms fill the triangular spaces between 

- the tension ring and the folded plates. The roof is supported on 11 round 
concrete columns and one structural steel hanger from a heavy steel truss 
above the proscenium. Details are illustrated in Fig. 2. 


The V-shaped plates are not of a uniform thickness. At each ridge the 
h valley the dimension varies from about 


thickness is about 4 in. At eac 
514 in. near the center to nearly 12 in. near the supports where the additional 


cross-sectional area is needed to transmit thrust to the tension ring. The 
variation in thickness and the fact that the plates are cantilevered several 
feet beyond the diaphragms, tend to shift the center of eravity of the plates 
outward, reducing the thrust to some extent. The plates are also thickened 
locally near the compression ring to reduce shear stresses and to provide 
more room for reinforcing steel. 

In analyzing the plates for combined axial load and bending moment it 
was necessary to set up expressions for the characteristics of a nonrectangular 
beam of varying cross section. Since the cross sections varied linearly with 
distance from the center, it was possible to express these characteristics as a 
group of definite integrals; this procedure made the calculations much simpler. 
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Fig. 3—The formwork consisted of %4-in. 
plywood over timber falsework supported 


October 1958 


Two basic loadings were assumed; 
30 psf live load on the entire roof, and 
the same live load on one-half of the 
roof. It did not appear that lateral 
wind load would produce any signifi- 
cant stresses within the structure; 
however, the stage tower was heavily 
braced against lateral load. 

In general, the analysis followed the 
standard procedure for folded plates. 
Slab elements were assumed to span 
from valley to ridge; they were con- 
sidered continuous at the valley, but 
simply supported at the ridge, where 
construction joints were to be per- 
mitted. The V-shaped elements were 


on steel scaffolding from the level of the 


analyzed as homogeneous, isotropic 
tension ring down to the floor 


beams of varying cross section, and 
all stresses were referred to the cen- 


troidal axis. This approach appeared quite reasonable in view of the fact 


that principal stresses throughout the most highly stressed region were com- ° 


pressive. 

The beams were initially assumed simply supported at the compression 
ring and at the tension ring, and were then checked for fixity at the com- 
pression ring by a method for which the author is indebted to Alfred A. 
Parme of the Structural Bureau of the Portland Cement Association, and 
which takes into account the angle change of the ring under applied external 
moment. Assuming linear distribution of strain from top to bottom of the 
ring, Parme obtains the following expression for the angle change: 


In this expression: 


M = moment across diametral section of ring 
r = radius of ring 

¢ = thickness of ring section 

h = height of ring section 


With this expression, the stresses in the compression ring and in the beam 
elements as modified by continuity at their juncture may be computed by 
standard methods. 


Since each ridge and each valley lies on a line of symmetry, there is no 


significant longitudinal shear transfer between plates, even under unbalanced 
live load. 
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Calculations were made by both conventional and by ultimate strength 
methods. On the basis of a load factor of 2 for the latter method, there 
3 was fairly close agreement in the results. 

The major reinforcement was concentrated at ridges and valleys and near 
the tension and compression rings, where the bars were designed to take all 
the shear. Transverse slab reinforcement was generally established by the 
minimum ACI Code requirement. 


CONSTRUCTION 


The roof was formed on timber falsework faced with 34-in. plywood and 
supported on steel scaffolding from the level of the tension ring down to the 
floor (Fig. 3). Although the contact surface of the formwork for each panel 
was flat, the pitch in the direction of maximum slope was 31.6 deg, and the 
contractor faced the problem of establishing a pattern of supports and of 
laying out a large number of oblique cuts. Consequently, he obtained approval 
of details of construction and support of a full scale panel of formwork in 
his yard before pre-cutting materials for shipment to the site. 

Although the design of the roof would have permitted the use of movable 
formwork supported on a central tower, the contractor elected to place all 
of the concrete in one operation. He used two 100-ft cranes, each working 
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Fig. 4—Formwork was decentered at 19 days. Deflections were continually measured 
by a simple gage. Perforations in the lower surfaces of panels serve as a plaster 
a7 key. The subframes at the upper right are to support spotlights illuminating the stage 
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with a pair of buckets and succeeded in placing the 300 cu yd of transit- 
mixed, standard weight concrete in about 9 hr. The cranes worked in op- 
posite panels, lifting one bucket while the other was being filled, and moving 
counter-clockwise as soon as a panel was complete. Studies had been made 
with a small scale model to establish crane locations and clearances. 

Even under continuous vibration, the 2-in. slump concrete showed little 
tendency to travel down the slopes, probably because the typical reinforce- 
ment pattern consisted of a large number of small bars fairly closely spaced. 
The two six-man teams of finishers had their problems, however, since they 
had to screed and trowel while backing “up the hill.”” The screeds were 
left in place for later attachment of built-up roofing. 

The roof was protected with burlap for 14 days. At the end of this period, 
tests of field-cured cylinders indicated that the concrete had reached its 
design strength of 3750 psi. 

The formwork was decentered at 19 days. Considerable thought and dis- 
cussion had been devoted to establishing procedure for this last critical phase 
of the construction. The actual operation turned out to be almost disap- 
pointingly simple. Each of six men was assigned a sector of scaffolding and, 
on signal, jacked down the legs one turn, (about 4 in.) working uniformly 
from the center toward the perimeter. The process was halted from time 


to time, while the deflection was checked with a gage (Fig. 4) anchored to ° 


the compression ring. When every support had been loosened, the six-man 
team went through the pattern again, jacking down two turns this time. 
After this, all jacks were loose. The formwork was left in position for 24 
hr and then dismantled. 

The maximum anticipated deflection at the center of the structure had 
been calculated as 1 in. The calculation had purposely ignored the restraints 
furnished by the diaphragms and the concrete columns, and was considered 
to be conservative; it was. In 24 hr, the gage deflection was 5¢ in. Since 
the gage has a multiplying factor of five, the true deflection was yin. Al 


though the gage was left in place for several weeks, no significant change in 
deflection was observed. 
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Mr. Samuely discusses design principles 
for folded slab roofs, stair landings, 

and galleries, with special attention to 
shear forces and to stresses produced 
by differential deformation in the 

slabs. Beam action of the fold or 
‘“quoin” is explained. Precast elements, 
prestressing, and composite construction 
(precast with cast-in-place concrete) 
are shown as they apply to folded slab 
construction. Structures in England 
and America illustrate use of folded 
slabs in a wide variety of shapes. 


Folded Slab Construction’ 


By Felix J. Samuelyt 


When shell construction was first developed about 30 years ago, the in- 
tention was to evolve a method by which large areas could conveniently be 
covered with long span constructions, using a minimum of material. The 
principles of design were first established for a concrete of almost infinitesimal 
thickness; later necessary additions were made to allow for the fact that every 
shell construction has to have a certain thickness which in some cases may be 
quite substantial, and which can have a great influence on the flow of stresses. 
Concrete roofs have always been in competition with lightweight materials 
like cement asbestos, bitumen-covered corrugated steel, and others, and it 
appeared necessary to develop a concrete roof of as little weight as possible, 
particularly as this weight constituted the greater part of the total load. 

At that time even the cost of manufacture was considered completely sub- 
ordinate to the weight. Since then, the experience of 30 years has directed 
shell construction into certain lines. Because of the rather expensive form- 
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work, this type of construction can be used economically in two instances: 
(a) where there is sufficient repetition to insure considerable reuse of form- 
work (the shape of the shell most suitable for the particular application can 
usually be found); and (b) wherever standard formwork can be used, the re- 
use of which is not dependent on the building in question. 


The foregoing restrictions allow shell construction much less application 
than its principles would deserve. They do not permit economical com- 
petition in such instances as small factories unsuited to standardized con- 
struction, nor for theaters, assembly halls, market buildings, ete. where in 
fact the principle is valid just as much as in the type of buildings described 
in (a) and (b). Furthermore, the shell which is known as a series of vaults 
following each other does not allow a great variety of shapes. (The only 
practicable variation is a circular or elliptic dome.) When it loses the attrac- 
tion of novelty it can become a source of architectural boredom, and this may 
already be noticed in some of the new towns in the south of England, where 
acres and acres of industrial buildings are being erected with no variety in 
outline or in plan. 


SUBSTITUTING THE FOLDED SLAB FOR SHELLS 


Where shell construction is not economical, or where its application is un-— 


desirable for other reasons, the principles of its construction can be retained 


3 with folded slabs. If a cross section 
Curve representing Folygon representing. of 9 shell is drawn and the continuous 


section through section through c : ae d 
ssoron ore —oao curve replaced by a series of straight 
shell roof prismatic roof 


lines, the structure obtained is now 
commonly called a folded slab (or 
folded plate). In a larger sense a 
folded slab is any series of slabs, rec- 
tangular or otherwise, which are sup- 
ported and composed in such a way 
en cvs. covvesbu'a seth: ot that they form a stable structure. 


straight lines Shells require diaphragms for stabil- 

ity, generally in line with the columns, 

and the same type of diaphragm is required for a folded slab, with the one 

variation that if a folded slab consists simply of a series of zig-zag frames the 
diaphragm can be replaced by a simple tie member from eave to eave. 


In replacing a curve (forming a cross section through a shell roof) by a 
series of straight lines, nothing is altered in the principle of the structure, 
but local bending moments are set up; for instance, in Fig. 1, the slab must 
be able to span from a to b, from b to c, ete. These local bending moments 
cause extra stresses and require additional reinforcement over and above the 
comparable curved section. The greater the distance between consecutive 
points, the greater are such local bending moments, and from a purely eco- 
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Fig. 2—Cross sections of pris- 
matic slabs in use or consid- 
ered for use a 


be (f) 


nomic point of view the engineer has to decide up to what degree the saving 
in formwork is offset by the extra cost of reinforcing steel. 

When folded slabs whose cross-sectional shape is obtained in the way 
described seem to be particularly economical, there is no objection to varying 
this shape considerably in conjunction with requirements of usage and archi- 
tecture. One reason, for instance, why a less economical shape might prove 
better for certain applications is the provision of a ceiling that is good acous- 
tically. Shells, or folded slabs which follow generally the lines of shells, are 
well known to be bad acoustically for the ceilings of theaters and cinemas 
where the sound would be concentrated at certain points and others would be 
deficient. A shape like the one in Fig. 2(c) would be superior from an acoustic 


point of view. 


STRENGTH AND STABILITY OF FOLDED SLABS 


Fig. 2 summarizes some of the cross sections of prismatic slabs that have 
been used, or are being considered for use, and it is the simple zig-zag shape 
in Fig. 2(d) which has found the widest application; apart from its simplicity 
it has the great advantage that the diaphragm is reduced to a simple tie 
member. This tie member, together possibly with a thickening of the slabs, 
forms a triangle which completely stiffens the construction. 

From the calculations described later, it is evident that prismatic folded 
slabs (which are the most frequent application) would be generally stable 
even if completely hinged along the lines of intersection, which are referred 
to as “quoins.’”” The fact that they are usually not hinged serves to give 
additional stiffness which is not generally taken into consideration; in some of 
the more advanced applications use is made of this extra stiffness to obtain 
shapes that would otherwise not be possible—for instance, to provide a canti- 


levered plane (Fig. 5) or to produce simplified diaphragms. 


Use of precast concrete 
Generally, under otherwise equal conditions a folded slab will have to be 
thicker than a corresponding shell in order to withstand the local bending 


moments. However, it is possible to produce bending-resistant slabs of small 


“thickness with ribs, and for this purpose it is often advantageous to use pre- 
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TROUGH UNITS 


Fig. 3—Composite precast and cast-in-place construction for “shell” roof 


cast concrete. This particular fact has led the author to the conviction that 
precast concrete, often “composite,” i.e. together with cast-in-place concrete, 
is extremely suitable for folded slabs. Such composite construction is possible 
wherever the slope of any part of the roof is not greater than 25 to 30 deg, so 
that the top concrete can be placed without difficulty and without additional 
formwork. The precast concrete in these cases may consist very suitably of a 
number of trough units (see Fig. 3). They are placed side by side, and provide 
strength together with good bond to the concrete placed on top. In effect the 
thickness of the trough roof, together with the topping, i.e. the dimension b 
in Fig. 3, constitutes the thickness of the actual shell taking the direct and 
shear stresses which arise from the load, while the dimension d (depth of the 
ribs) is the criterion of the stiffness against bending. 


FOLDED SLAB DESIGN 


The calculations for folded slabs follow in general the lines laid down by 
Professor Craemer in Germany, and by A. J. Ashdown in The Design of 
Prismatic Structures. A folded slab consists of a number of slabs intersecting 
in straight lines (quoins). It can be assumed that each slab has a considerable 
stiffness in the direction of its plane while it is much more deformable in the 
cross direction. Any load occurring along a quoin could resolve itself in the 
direction of the two planes adjoining it, and be transmitted to any supports 
by these planes acting as beams of great depth and little width; for instance, 
in Fig. 1 a load acting at Quoin ¢ would resolve itself in the direction cb and 
ed, and the two planes cb and cd would act as deep beams transmitting the 
load to whatever supports are provided. 


Shear force at quoins 


When this principle is applied everywhere it will be obvious that all quoins 
can be considered as beams, i.e. lines along which loads are supported, and 
it is therefore possible to assume as a first approximation that the actual slab 
is supported all along the quoins. Each plane receives a load from both 
adjoining quoins, for instance, Plane be from Quoin b and Quoin c. These 
two loads may add to, or deduct from, each other. When the stresses in 
each plane, acting as a beam, are calculated according to the ordinary theory 
of elasticity, it will be found that the two planes which touch at any quoin 
have incompatible stresses; for instance, Plane-ab might have at b a consid- 
erable compressive stress, while Plane be had a tension stress at the same point. 


eye ee 


- formations are sufficient that a new calculation is 


FOLDED SLAB CONSTRUCTION 451 


Because the strain must be the same 
in both cases it is obviously not pos- 
sible that two neighboring points 
should have different stresses, and it 
is necessary to assume a distributed 
shear along each quoin which equal- 
izes these longitudinal normal stresses. 


An equation can be established at 
every quoin for such shear force, and 
there are as many equations as there 
‘are quoins. In fact, these equations 
can be shown to have the same form 
as the three-moment equations for 
beams on as many supports, and they 
can be solved in exactly the same way 
as these. Once these shear forces, 
commonly called T-forces, are found, 
the stresses in the whole system can fig, 4—Determining deformation a 
be established.* quoin 


Differential deformations in the slabs 

Where the deflections remain of a size comparable with ordinary beam and 
slab construction, the first approximation described can be considered sufficient. 
However, it must be appreciated that folded slabs can easily change their cross 
section due to individual deflection, and such change in cross section may be 
sufficient to alter the flow of stresses completely; this will be particularly so if 
the angles between two consecutive planes are small. Generally speaking, 
the author has found that if sin a/2 > 3a/l further calculations should be 
made (here / is the length of the prism between two supporting diaphragms, 
ais the average width of two consecutive panels, a is the angle between them). 


When the shape of the folded slab is altered due to differential deforma- 
tions, two things may occur: (a) the bending moment distribution in the 
slab itself spanning between the quoins may be altered, and (b) the forces 
into which the loads are resolved will vary. It is the second of these partic- 
ularly which affects stability of the construction. The best way to deal with 
this is to calculate the deformation which would have arisen from the first 
w the cross section of the construction with these — 
It will be easily visible whether such de- 
required for the altered 
even a third calcula- 


approximation and to redra 
deformations taken into account. 


shape; with folded slabs where the angle is very obtuse, 


ment equation there is @ considerable difference in 


*While the form of these e: uations is identical to the three-mo ¢ 
i F ns and have nothing to do with deformations; the fact that these equa- 


ae inciple. Th re merely stress equatio: : 
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tion may have to be made. If the second and third approximation do not 
show strong convergence, this indicates that the over-all shape is unstable 
and should be avoided. 

The interesting way of determining the deformation of a quoin is shown in 
Fig. 4 in greater detail. Assume that there are two consecutive planes, cd 
and de. Plane cd may have a deformation of 6 de in the direction dX , which 
can be calculated in accordance with the ordinary theory of elasticity. The 
same plane is also capable of moving at liberty normal to the line cd, as it is 
assumed that the stiffness in this direction is infinitesimal. Similarly, the 
Plane de would deflect by an amount 6 de in direction dY, but could also move 
by an arbitrary amount normal to de. If lines are drawn perpendicular to 
ed at X, and perpendicular to de at Y, their intersection at O will be the only 
point to which d can move, which is compatible with the foregoing conditions. 
Therefore dO represents the deflection of Quoin d, and the figure shows clearly 
that under normal circumstances dO is considerably larger than either dX or 
dY, and that indeed its magnitude increases, the more obtuse the angle. 

Because of the thinness of the slabs, as with shell construction, shear and 
diagonal tension stresses are often the most critical. They can be dealt 
with as in ordinary reinforced concrete, i.e. be taken by the concrete up to. 
the limit of its capacity, and where the concrete is incapable of doing so the 
whole of the shear would in European practice be taken by bent up bars, 
generally arranged at 45 deg. (These bent-up bars are plainly visible in Fig. 9.) 
All compression stresses are taken by the concrete, while the total tension is 
taken by steel. 

Cantilevers 


It has previously been explained that where two planes intersect, a quoin 
is formed which acts like a beam. No such beam is usually available at the 
eaves where there is generally a wall or row of columns to take its place. 
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However, it is sometimes impossible to arrange for such a row of columns, 
and in this case the last plane must be cantilevered out as in Fig. 5. In this 
case quoins occur at b, c, d, and e, while points a and f are not supported. 
Both ab and. ef cantilever out therefore, and it is good practice to make this 
cantilever somewhat shorter than the other planes. 


POST-TENSIONED FOLDED SLABS 


One way of dealing with shear stresses, as well as with longitudinal tension 
stresses, is post-tensioning. If a post-tensioning force acts where arranged 
along Quoin a of Fig. 1, stresses are induced in the first instance in Plane ab, 


but in the same way as before shear forces have to be introduced at Quoin b 


and also at the following quoins in order to equalize the stresses, and finally, 
a diagram of longitudinal stresses can be obtained over the whole cross section. 
It is possible, therefore, to calculate a prestressing force which is large enough 
to cover all tension stresses that would otherwise occur. Such prestressing 
forces would generally be arranged near to the line where the greatest tension 
occurs, and it could be of sufficient magnitude to cover all tension stresses. 
However, for practical reasons it is sometimes preferable to arrange post- 
tensioning at two or more points. The great advantage of post-tensioning 
in conjunction with folded slabs is the fact that the diagonal tension stresses 
are considerably reduced, and consequently the amount of steel necessary 
for shear reinforcement. When post-tensioning has been arranged the great- 
est diagonal stresses will not occur at 45 deg any more, but at a steeper angle, 
and if any reinforcement is still required it should be arranged correspondingly. 
Because of the thinness of the slabs it is often not convenient to introduce 
stressing cables which are curved. They are best arranged straight at points 
where the slab can be thickened, usually along the eaves, or at other quoins. 
- Post-tensioning can usually be done A 
against the weight of the construction, 
so that the placing of cables at the 


-_ eaves is justified. However, as always 


when there are straight cables only, 
there is the possibility of tension 


stresses arising near the supports at Fs 

the ridge of the construction, and this B t 

ean be overcome by slight extra ee Mes 6—Typical ee section of theater 
gallery 


forcement. 
Sometimes one or all planes should be steeper than the limit previously © 
mentioned. This can be due to architectural requirements or to the fact that 


—a certain depth must be obtained for structural reasons, while there is not 


‘much width available to get sufficient slope. In such cases the composite 
construction is not very suitable because it would require rather expensive 


top formwork, nor would cast-in-place construction be any better. It is 
t concrete units; they are made to act together 


a 
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Landing acts as Beam 
Providing Horizontal and 


Vertical 5s 


Landing acts as Beam 
providing Horizontal 


Fig. 7—Stair landing and flights may be considered as folded slab 


as a beam, not by means of top concrete, but by post-tensioning only. The 
post-tensioning is in this case similar to the one mentioned before, but it 
has to be more extensive to insure that all units are compressed together 
efficiently so that all shear stresses can be taken. It is obviously impossible 
in such cases to have any diagonal bars or other shear reinforcement. The 
dimensions must be arranged so that the shear stress is taken by the concrete 
only, and so that the diagonal tension stresses are sufficiently small that they 
can be taken without difficulty. 


OTHER APPLICATIONS OF FOLDED SLABS 


Folded slabs are not entirely limited to roof construction. They can be 
used whenever two planes intersect, none of which contain all forces entirely. 
A good example is the gallery in cinemas, theaters, and similar structures. In 
Fig. 6 a typical cross section is shown, and if the Planes ab and be are both 
solid slabs, or if one or both of them is made rigid by latticing or otherwise, 
the line represented in section by Point b can be considered to be supported 
by the two planes ab and be. This is very useful because any cantilever beams 
become unnecessary, and if a slab can span from a to b and b to c, the whole 
of the interior can be kept free for air conditioning ducts or other services. 


A rather more complicated gallery of this type was recently carried out for the 
London County Council (see Fig. 13). 


A 
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4 Fig. 8—Assembly hall at Thomas Linacre School, Wigan (England) roofed with folded 
Z slab, composite construction 

Bh Another application of folded slabs is found in intermediate stair landings. 


‘2 


- For architectural reasons, such landings often cannot be supported vertically 
at all, while a horizontal support is possible. In this case the landing, together 
with the flights, may be considered to be a folded slab, and a system results 
as shown in Fig. 7. If the main landings are fixed to the main slabs as usual 
and thus stiffened, this construction does not involve higher expenses than 


traditional construction. 
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EXAMPLES OF RECENT FOLDED SLAB WORK 


Fig. 8 shows an assembly hall in the north of England constructed in the 
way described on p. 450. In the picture four rows of troughs can be seen. 
There were three lines of scaffolding struts, with as many temporary beams 
supporting the troughs when they were laid. The troughs themselves were 
strong enough to support the workmen and the wet concrete (Fig. 9), and of 

course the scaffolding and beams were removed as soon as the concrete top- 

_ ping and the two diaphragms (74 ft apart) had hardened. The thickness of 

- the concrete measured through the ribs was 6 in., which was ample to get the 
necessary buckling stiffness. The actual total thickness of the slab was only 
2 in. (1 in. of trough plus 1 in. cast-in-place concrete)—a thickness which 
proved sufficient to take the compressive stresses at the crown, and the average . 
weight was equivalent to a 214-in. solid slab. The slab was thickened slightly 
near the eaves in order to give cover to the concentrated reinforcement. In 

this case, architects Howard V. Lobb and Grenfell Baines used the pattern . 
of the exposed troughs for the inside ceiling surface as shown in Fig. 8 on three 


sides of the central sounding boards. 


OR 


WS 
‘ 


d in another assembly hall 
In this ease the roof con- 


sists of two planes only, each 25 ft long. 
rather expensive to span a slab 
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[free SS 
Fig. 9—Workmen preparing reinforcement for cast-in-place portion of assembly hall 
roof at Wigan 


complicated arrangement was chosen. As indicated in Fig. 10 giving a por- 
tion of the longitudinal section of the building, a number of prestressed planks 
(A) were laid, 5 ft 6 in. on centers, from eaves to ridge, with troughs similar 
to the ones previously shown covering the area between the planks. Con- 
crete was then cast on top, and the cover was kept to 14 in., making a total 
of 2/4 in. with the thickness of the precast unit. In this case the shear stresses 
become rather large toward the end of the hall (110 ft long), and there the 
thickness of concrete was increased to 3)9 in. including the trough. The 
extra weight had very little influence on the reinforcement, as it occurred 
only near the ends of the building. 


An example of a post-tensioned folded slab is given in Fig. 11. This is an 
agricultural roof consisting of two planes only, 67 ft long. In this case a cast- 
in-place slab was arranged, and the tension at the bottom was taken by means 
of four post-tensioned 12-wire Freyssinet cables, accommodated in the space 
under the gutter. As it was not possible to curve the cables, tension stresses _ 
could occur near the ridge on either end of the building, and reinforcement 
was provided for this (architects, Stillman and Eastwick-Field). 


As mentioned before, composite construction becomes unsuitable when the 
slope of a roof slab is greater than 1:3. The main roof of a church executed 
recently (architects, Johns Slater and Haward) has a slope of 60 deg and 
consists of a number of prestressed T-beams side by side with the web on the 
inside. In order to make all the flanges act together as a solid slab they were 
longitudinally post-tensioned at the eaves. Holes were left across the flanges 
through which the prestressing wires were pushed, the whole of the construction 
being temporarily supported on scaffolding. Fig. 12 shows the construction 
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Fig. 12—Roof at 60-deg slope comprised of prestressed T-beams side by side 
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from outside. Notice that the flanges are cut short 6 ft from the ridge, so 
that any two opposite T-beams are hung against each other by their web 


only. This is possible since within that short distance from the top hinge the _ 


bending moment is small, and the intention was to glaze this portion. 

A gallery recently planned for the London County Council is shown in Fig. 
13. The auditorium was hexagonal, and a gallery that fitted the general 
shape was desired, with the front edge not straight in plan. In this case 
a folded slab was used, similar to that shown in Fig. 6. The horizontal 
slab was solid to comply with fire regulations. Because there were to be 
precast units forming steps, there was no real need for a sloping slab, and 
this was replaced by sloping latticed girders constructed from precast units, 
the ends of which had projecting bars and were cast into the edge of the 


SECTION A-A 


Fig. 13—Gallery for London County Council Auditorium 
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Fig. 14—Partial cross section of roof spanning 80 ft for a London school 


horizontal slab. The sloping latticed girders in their turn were supported 
by a star beam, 1.e. a beam following the shape of the building and supported 
at three points (a, b, c in Fig. 13). 

Fig. 14 shows the cross section of a roof spanning 80 ft for the assembly 
halls and gymnasia of a high school in London (architects, Bridgwater and 
Shepheard). The shape was dictated by the architects, and the horizontal 
portions were of composite construction, while the steep portions where 


composite construction was not possible were made from precast units post- 
le (Fig. 12). In this case a certain portion 


tensioned as in the previous examp 
of cast-in-place concrete was arranged at the ridge and near the eaves, and 


post-tensioning cables introduced at these places. Strictly speaking, post- 
tensioned cables would not have been necessary at the ridge for overcoming 


the tension stresses, but were introduced in order to make sure that there was 


a continuous compression between the consecutive precast concrete units (B).: 


Grout was introduced between these units before tensioning. 

For another assembly hall now in progress, the folded slab not only forms 
the roof, but is carried around the side elevation so that in fact it replaces a 
rigid frame. Because of headroom it is carried down to a height of 6 ft 8 in. 
only, with the vertical portion of the frame being carried through to the 

bottom and made sufficiently rigid to take the bending moments caused by 
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Fig. 15—Construction completed at First Presbyterian Church, Stamford, Conn. 


the horizontal thrust. In cross section the roof portion of the structure is a 
simple zig-zag, and longitudinal stiffness has become necessary where the 
planes change direction, i.e. at the eaves and at the ridge. 

The First Presbyterian Church at Stamford, Conn. (architects, Harrison 
and Abramovitz) is built on a similar principle, and represents in fact an 
entire folded slab construction extending over the sloping external walls as 
well as the roof (Fig. 15). The center portion and the west gable were “trian- 
gulated”’ in order to introduce a structure that is completely self-supporting 
without any bending stresses being transmitted from one portion to another. 
Each plane is one precast unit 8 in. thick, and connecting steel has been in- 
corporated in the cast-in-place joints between the units. In all the triangular 
units which form the center portion of the wall large openings were intro- 
duced to carry stained glass windows. The remaining portion, which has no 


stained glass windows, is constructed on the same principle, but with quad- 
rangular precast slabs. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Jan. 1, 1959, for publication in the June 1959 JourNAL. 


design and construction 
Title No. 55-30 


Because of its narrow width and the 5 
required resistance against wind forces R / fF core main 
and earthquakes, the main structural 
element of the tower is formed by the 

“yeinforced concrete core which houses the 
pbuilding services, i.e., elevators, staircases t | | 
and lavatories. This cellular cone Foents S ruc Uld C emen 
all horizontal forces and carries the greater 
part of the vertical loads. 

The office section surrounding this core 
is a composite of structural steel and rein- In 
forced concrete to reduce the column sec- 
tions to a minimum and to achieve rapid 


construction. The method of analysis of 
the core is described, as well as the con- 
struction procedure which resulted in the Pes 


construction of one complete floor m7 
_working days. 


W The office tower is the main OFFICE 


element of the building complex 

which forms the head office for the 

British Columbia Electric Co., Lid., z 
in Vancouver. This tower is com- TOWER 
pletely separated structurally from 


the adjacent lower blocks, and its 
design presented some interesting 


features because of its narrow By OTTO SAFIRT 
width and other planning require- 
ments. 


The tower (Fig. 1) consists of a subbasement, basement, ground floor 


with part mezzanine, 21 typical upper floors, and a three level penthouse. 


It rises to a total height of 319 ft above foundation level, or 287 ft above . 
200 ft long and 


entrance level at ground floor. In plan (Fig. 2) the tower is 
has a width varying from 45 ft at the ends to 72 ft in the center. The shape 
1958. Title No. 55-30 is a part of copy- 


*Presented at the ACI 54th annual convention, Chicago, Ill., Feb. 26, ( 

righted JoURNAL OF THE Amurican Concrete INSTITUTE, V. 30, No. 4, Oct. 1958, Proceedings V. 55. Separate 
prints are available at 50 cents each. Discussion (copi should reach the Institute not later than 
Jan. 1, 1959. Address P. O. Box 4754, Redford S i 
_ +Member American Concrete Institute, Consulting Engineer, 
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of the tower core was determined by reasons of strength and deformations 
under wind loads; the over-all shape of the building plan was the result of 
architectural considerations, mainly daylighting, ie., no desk was to be 
more than 15 ft from an exterior wall and window. Width of the office space 
from the interior wall to the windows is 20 ft 6 in. On most floors a 4 ft wide 
corridor reduces the clear office width to approximately 16 ft. 


STRUCTURAL DESIGN CONSIDERATIONS 


The following considerations influenced the design of the structure. 

The over-all height of the building was limited by city by-laws and to 
accommodate the maximum number of floors within this height, the floor 
thickness had to be kept to a minimum. With the structural system chosen 
it was possible to achieve a clear ceiling height of 9 ft with a floor to floor 
height of 10 ft 9 in., and accommodate the equivalent of 23 stories within 
the limiting height. To achieve this small over-all floor thickness of an air 
conditioned building (structural thickness is 16 in.—5 in. for floor finish and 
suspended luminous ceiling), it was essential to integrate fully the structure 
with the mechanical and electrical 
services, 


PENTHOUSE Comfort of the occupants working 


in the building was considered essen- 
tial and dictated that the horizontal 
movements of the building under wind 
forces be an absolute minimum. The 
building is designed to withstand 
earthquake forces and forces from 
winds up to 90 mph which, in accord- 
ance with the Canadian National 
Building Code, cause horizontal forces 
of up to 40 psf of wall area at the top 
of the building. Because of the narrow 
shape of the plan this limitation of the 
horizontal movements imposed partic- 
ular structural problems and various 
systems were investigated before the 
final solution was evolved. In partic- 
ular, systems employing multistory 
rigid frames had to be rejected as 
REE CLOWN they required considerably greater 
GROUND FLOOR 

structural depth of the floors and re- 
sulted, therefore, in a reduction of the 
total number of floors possible within 
Fig. 1—Cross section through tower the given height. 
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Fig. 2—Typical floor plan 


Speed of construction was also an important consideration in selecting 
the structural system. Shoring and re-shoring of floors below those on which 
structural work was in progress was avoided so as to allow finishing operations 
to follow close behind the structural work. 


STRUCTURAL DESIGN DETAILS 


The structure as developed comprises, as the main element, a reinforced 
concrete core constructed similar to a grain elevator with intermediate floor _ 
slabs. This core houses all the essential services in the building, i.e., eleva- 
tors, mail conveyors, ventilation and other service ducts, staircases, and 
lavatories. The interior walls of this reinforced concrete core are parallel 
to the exterior walls of the building, from which they have a distance of 
20 ft 6 in. The reinforced concrete core resists all horizontal forces caused 
by wind or earthquakes, and it carries the greater part of the vertical loads 
of the building. 

The floor construction of this 20 ft 6 in. wide strip, which is the actual 
office area, is carried on the reinforced concrete core, and on the outside on 
columns spaced 10 ft on centers. It consists of beams spanning between the 
columns and the core walls with reinforced concrete floor slabs spanning 
10 ft from beam to beam. The floor beams spanning between the core walls 
and the exterior columns (20 ft 6 in.) are partially fixed in the core walls, 
and this arrangement reduces the loads in the exterior columns (Fig. 3). 


These columns project to the outside of the building, giving a flush interior 
face to all offices and acting as main grid lines for the curtain wall cladding 
of the building. The columns are of uniform section in all typical floors to 
facilitate the curtain wall construction. The columns are constructed as 
composite sections comprising a structural steel core encased in reinforced 
concrete. On the lower floors this structural steel core consists of two steel 


plates welded together to form a T, and on the upper floors the steel core com- 
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Fig. 3—Structural details 


prises two unequal angles back to back. Although it was not necessary for 
strength reasons, the steel core was continued with a minimum section in 
the uppermost floors for uniformity of erection procedures. 


The beams carrying the floor of the office section are also composite, con- 
sisting of a rolled steel beam encased in reinforced concrete. The steel beams 
are connected to the structural steel cores of the columns and are supported 
on bearing plates on the walls of the reinforced concrete building core. The 
steel sections carry, as simply supported beams, the dead weight of the con- 
crete, i.e., the formwork for the concrete floor slabs and beam encasings was 
suspended from the steel beams. Additional round steel reinforcement resists 
the fixing moments of the beams at the columns and at the core walls, and 
all loads other than the dead weight of the reinforced concrete are carried on 
the partially fixed composite section. This method of floor construction 
avoided the need for any shoring and re-shoring of floor slabs. 


BUILDING CORE 


The reinforced concrete core of the building is designed as a cantilever 
structure above the ground floor slab, resisting all horizontal forces due to 
earthquake or due to wind forces of up to 40 psf at the top of the building. The 


full width of the building is used as a base below the ground floor. The 


basement and subbasement are a cellular structure with crosswalls at ap- 
proximately 30 ft on centers (Fig. 4), out of which the reinforced concrete 
core rises at ground floor level. The foundation below the subbasement 
consists of a pad under the actual core with strip foundations under the 
exterior and under the crosswalls of the basement. The average bearing 
pressure of the foundations is 14 kips per sq ft carried on a medium hard 
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Fig. 4—Basement plan 


sandstone. The crosswalls of the basement and subbasement withstand 
the unbalanced forces caused by the horizontal loadings and by any uneven 
settlement of the foundations. 

The reinforced concrete core is essentially a gravity structure. The thick- 
ness of its walls varies with the height; a minimum wall thickness of 8 in. 
was used at the upper floors and this was increased to 15 in. on the lower 
floors and 16 in. on the basement and ground floor. 

An analysis of the core structure showed maximum tensile stresses of 
approximately 200 psi for a combination of minimum vertical loads with 
maximum wind or earthquake moments. ‘These are tensile stresses taken 


Load Axis 


OO 


Fig. 5—Graphic analysis of building core 
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Fig. 6—Interior view of com- 
pleted floor showing under- 
floor conduits 


on the uncracked concrete section. This tensile stress is well below the 
accepted tensile strength of the 4000-psi concrete employed, but it does not 
provide an indication of the true factor of safety of this main structural 
element and neglects effect of construction joints on bond. 

The stresses in the core were, therefore, also examined for “ultimate” 
wind loads on the basis of a cracked section. An ultimate load factor of 
4.00 was used, combining such “ultimate”? wind moments with the minimum 
dead loads. Fig. 5 shows the principle of the graphic analysis used to deter- - 
mine the neutral axis of the “cracked” reinforced concrete section based on 
the method developed by Spangenberg. [The area of the section, both con- 
crete (A,) and steel (A,), transformed to (nA,) is divided into small strips 
(1 to 12). The products of these areas multiplied by their distance from 
the load axis are considered as weights whose center of gravity is the neutral 
axis of the section for the loading. The funicular polygon construction shown 
in Fig. 5 determines the neutral axis taking into account the concrete sections 
only on the load side of the neutral axis. The stresses in the concrete and 
steel are then determined.| 

On this basis ‘ultimate’? maximum fiber stresses in the concrete were 
4000 psi at ground floor level and tensile stresses in the steel were 65,000 
psi. The horizontal movement of the building at roof level under forces 
caused by a 90 mph wind was 214 in., and this figure was considered permissible. 
Since the building was completed no damage to partitions or other installations ~ 
due to lateral movements has been observed. 


INTEGRATION OF STRUCTURE WITH SERVICES 


As mentioned earlier, the reinforced concrete core accommodates the 
vertical runs of all essential services in the building. The air conditioning 
ducts in the actual office section are accommodated within the depths of 
the beams below the floor slab, and in larger supply ducts running along the 
core walls above the corridors. Electrical underfloor services are carried 
in conduit located immediately below the soffits of the floor slabs accessible 
from the floor above and also accessible from below through the luminous 


~ 
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Fig. 7—Erection of steel col- 
umns and floor beams 


ceiling. Provision was made in the floor beams for the great number of 
electrical services, the steel beams were fitted with pipe sleeves for the 
passage of the conduits (Fig. 6). 


CONSTRUCTION PROCEDURE 


| After construction of the basements in the usual way, erection of the super- 
E. structure of the tower commenced on a regular schedule. Forms for the 
core walls and floor slabs of the core were erected, reinforcement was placed, 


3 and these walls were concreted to the underside of the steel beams. 

4 The structural steelwork was erected after removal of the exterior wall 
& forms the following day (Fig. 7). The structural steel columns were spliced 
4 at every second floor and adequately braced with temporary bracings. The 
3 
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| Fig. 8—Two views of tower under construction. Curtain walls are being installed on 
lower floors. Note the end column in view at right 
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rolled steel beams were connected to the steel columns by high tensile bolts 
and supported on the concrete of the core walls with steel bearing plates ad- 
justable for height and position and clamped to the steel bearing plates with 
small bulb angle clamps which were welded when erection of one-half the 
floor was complete. The formwork for the column casings was then placed 
and formwork for the floor beams and floor slabs was suspended from the 
rolled steel beams. After placing of the reinf orcing steel, concrete was placed. 
One-half of a tower floor was constructed in this fashion at a time, and a com- 
pletion cycle of 7 working days for a typical tower floor was achieved. Fig. 
8 shows the structure in the course of erection; the structural steel columns 
with bracing are visible at the top of the building, and fixing of the curtain 
wall has commenced on the lower floors. 

Excavation for the building commenced in July, 1955, and the floor slab 
of the first floor was cast in January, 1956. The last floor slab was cast in 
September, 1956, and the building was completed and occupied by the owners 
in February, 1957. 


ACKNOWLEDGMENT 


Architects for the building were Thompson, Berwick and Pratt of Vancouver. 
Structural design was by the author. John Laing & Son (Canada), Ltd., were 
the general contractors. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Jan. 1, 1959, for publication in the June 1959 JOURNAL. 
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Title No. 55-31 


PRECAST CONCRETE GIRDERS 
reinforced with 


HIGH STRENGTH DEFORMED BARS’ 


By J. R. GASTON and EIVIND HOGNESTADt 


Two 0.38-scale model roof girders were tested to develop 
an unusual type of precast concrete building frame. The roof 
girder selected departs from customary practice primarily by its 
slender and graceful T cross section, by its high strength longi- 
tudinal tension reinforcement, and by its inclined stirrup rein- 
forcement. Structural design was based on the ultimate strength 
design procedure given in the appendix of the 1956 ACI Building 
Code, with some departures justified by the model girder test 
results. Twenty 58-ft girders were later manufactured for two 
laboratory buildings. 


UNUSUAL PRECAST BUILDING FRAME 


In early design stages of two new laboratory buildings at the Portland 
Cement Association Laboratories, it was decided that recent developments 
in structural concrete would be utilized to a greater extent than is at present 
customary in building construction. Functional requirements of the two 
buildings, the Structural Laboratory and the Fire Research Center, called for 
an open crane-bay superstructure about 58 ft wide and 40 ft high from first 
floor to roof level. Furthermore, special requirements related to the use 
of the buildings as laboratories called for extremely heavy box-like foundations 


in both cases. 
The superstructures were ideal for precast concrete construction since 


considerable repetition of identical structural units was possible within each 


*Presented at the ACI 54th annual convention, Chicago, Ill., Feb. 26, 1958. Title No. 55-31 is a part of 
copyrighted JoURNAL OF THE Amurican ConcrETE InstituT®E, V. 30, No. 4, Oct. 1958, Proceedings V.55. Separate 
prints are available at 60 cents each. Discussion (copies in triplicate) should reach the Institute not later than 
Jan. 1, 1959. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. 
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structure as well as between the two structures. Preliminary designs there- 
fore turned to a system of precast columns, wall panels, roof girders, roof 
slabs, spandrel beams, and crane girders. 


The ultimate strength design method given in the appendix of the 1956 
ACI Building Code (ACI 318-56)* was used in the structural design. How- 
ever, it was decided to exceed moderately the 60,000 psi maximum value 
for stress in reinforcement at ultimate strength given by Section A603(e). 
Design of some details, such as roof girder web reinforcement, also departed 
somewhat from the limits and principles of ACI 318-56. 


Thus, the experimental investigation reported herein was undertaken to 
develop and to test an unusual type of precast concrete building frame. 
The roof girder selected departs from customary practice by its slender T- 
shaped cross section, by its high strength longitudinal reinforcement, and 
by its inclined stirrup reinforcement. 


Two model girders were tested. The purpose of the first test was to deter- 
mine the general behavior of the girder from zero load to ultimate strength, 
with particular attention given to flexural cracking and performance at 
service load. In the second girder test, attention was focused on adequacy 


of web reinforcement, action of face bars provided to reduce the width of — 


cracks in the web, and the strength and performance of the girder-column 
connection. 


TEST GIRDERS 
Prototype frames 
The frame system and the roof girder shape were selected as a result of 
suggestions originating with Ulf Bjuggren and Torsten Lundin of Stockholm, 
Sweden. Columns 2 ft square and about 38 ft tall are fixed to the foundation. 
Crane girders and spandrel beams span 22 ft longitudinally between columns, 
and roof girders span 58 ft transversely between pairs of columns. The roof 


girders are connected to the columns in a manner designed to permit rotation — 


without development of negative frame corner moments. However, the 
connection permits a horizontal force to be transmitted in each frame through 


the girder from one column top to another. Thereby both columns of a — 


frame may be designed to “share” sidesway moments due to wind and crane 
loads. The maximum compression so transmitted through the girder is 
less than 5 percent of the internal compression due to bending of the girder. 


The roof girders selected have a T-shaped cross section 4 ft deep at mid- 
span and 3 ft deep at the ends. Structural frame design was carried out for 
a design minimum concrete strength of 5000 psi and a design minimum yield 
point for the main longitudinal tension reinforcement of 70,000 psi. A longi- 
tudinal tension reinforcement of eight #9 bars with a total area of 8.0 sq in. 
satisfied design requirements. 


*ACI Committee 318, ‘Building Code Requirements for Reinforced C ed 
May 1956, Proc. V. 52, pp. 913-986. Further reference to Code is given ee es Rig AOL 
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Fig. 1—Testing arrangement for Girder | 


Test specimens 


A 0.3%-scale model of the prototype was the largest specimen that could be conveniently 
handled in the laboratory. Fig. 1 and 2 show over-all views of the testing arrangement for 
the two test girders, and their dimensions are given in Fig. 3. The total depth of the test 
girders was 0.38 X 4 ft = 1814 in. at midspan, and 0.38 X 3 ft = 1314 in. at the ends. To 
simulate the roof loading of the prototype, the test girders were loaded at eight points as. 
shown in Fig. 3. 

The columns of the prototype frames were designed in accord with the appendix and other 
applicable provisions of ACI 318-56. The column design procedures involved, therefore, 
are substantiated by numerous previous tests. It was necessary in this investigation, how- 
ever, to develop a satisfactory connection between girders and columns. To accomplish 


Fig. 2—Testing arrangement 
for Girder 2 
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this, the test girders were supported on column stubs as shown by Fig. 1 to 4. For Girder 
1, the connection was merely a pocket in the column head into which the girder was seated. 
The girder rested on a steel bearing plate, and the space between girder and column pocket was 
grouted. A bituminous paint was applied to break bond and thus prevent continuity between 
girder and column. Caulking compound filled the space under the girder in front of the 
bearing plate. The connection for Girder 2 was a 0.38-scale model of the one selected for 
use in the prototype. Stubs of the spandrel beams were provided, and the girder flange was 
discontinued at the face of the spandrel beams. A 14-in. bolt was used to secure the column — 
to the girder. This bolt serves erection purposes only. It is inactive for all loading cases 
considered in the prototype design. 


Materials and fabrication 


Design minimum concrete strength for the prototype was 5000 psi. The concrete mixture 
used in the laboratory, 1:2.5:1.7 by weight, was proportioned to produce this strength at an 
age of 1 week. The cement used was a laboratory blend of four brands of Type I portland 
cement. The cement content was 714 bags per cu yd, w/c by weight was 0.45, coarse aggre- 
gate was a gravel of 34 in. maximum size, and slump was 3 in. Girder 1 was tested at an 
age of 7 days when the average strength of 6 x 12-in. test cylinders made and cured with 
the girder specimen was 4730 psi. Girder 2 was tested at 8 days, and the cylinder strength 
was 5230 psi. 

Main tension reinforcement with a minimum yield point of 70,000 psi was selected for the 
prototype girders in which the ultimate strength was controlled by tension. However, to 
test the strength of the compression zone and the web, flexural failure was delayed by using 
main tension reinforcement with an average yield point of 90,000 psi in the model girders. 
The #4 deformed bars (ASTM A 305) were rolled from alloy steel billets, AISI No. 9261. 
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The physical properties of these bars are given in Fig. 5. The compression reinforcement, 
stirrups, and face bars of the test girders were #2 deformed bars having an area of 0.045 sq 
in. and a yield point of 55,000 psi. 

The girders were cast. in plastic coated plywood forms with close adherence to the dimen- 
sions given in Fig. 3. The fabrication and placing of reinforcement cages was carried out to 
tolerances of less than 14 in. Concrete was placed in the test girders and companion cylinders 
by internal vibration. Following 3 days of moist curing, all specimens were stored dry 
in the laboratory until they were tested. It was noted that the taper of the web permitted 
the girders to be lifted out of the forms without dismantling the forms. This could simplify 
form design and mass production of the type of girder involved. 


Design of test girders 


The main tension reinforcement of Girder 1 consisted of six #4 bars with 
a total area of 1.20 sq in. This represents closely the area corresponding 
to the prototype, namely, 8 X 0.38? = 1.16 sq in. To design web reinforce- 
ment for the test girders, and to study their service load behavior, it was 
necessary to calculate a service load for the test girders corresponding to 
that of the prototype. For this purpose, compression reinforcement and the 
small axial force were neglected and the prototype’s 70,000 psi yield point 
and 5000 psi concrete strength were assumed. Flexural strength is controlled 
by the section at the load points nearest midspan, for which the effective 
depth d = 15.5 in. By ACI 318-56, Section A607(a), the depth to the 
neutral axis at ultimate strength = 1.30 qd = 1.30 X 0.12 X 15.5 = 2.4 in. 
This depth is less than the average flange depth of ¢ = 3.0 in., and g = 0.12 
is less than the limiting value at 0.40 given by Section A605(c), so that the 
ultimate moment is given by Section A605(b): 


M, = bd? f.’ q(1 — 0.59q) = 1210 kip-in.................. (1) 
in which 


f.’ = cylinder strength = 5000 psi 


1 9 — 3.5 
23 OT np da : = 3in. 
9 E + 5 (2 + 2) | 3in 


t q = A,f,/bdf! = 0.12 

M, = ultimate moment A, = area of tension reinforcement = 1.2 
b = total flange width = 9 in. sq in. 

d = effective depth = 15.5 in. fy = tension steel yield point = 70,000 psi 


For the test girder loading, the ultimate load is: 


8 8 
P, = Mu— = 1210 —— = 36.4 ki 
L 10 366 36.4 kips 


The live load of the prototype is less than the dead load, so that a load factor 
K = 1.8 applies. Hence, the test girder service load including the weight 


of the girder is 36.4/1.8 = 20.2 kips, and the service load shear, V, at each 
beam end is 10.1 kips. 
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Fig. 5—Physical properties of 8 


_ AISI No. 9261 deformed bars 
: I a 
Gage Points 


80 
Physical Properties 

Size - "4 

60 Area — 0.20sq. in. 

Yield Point — 90,000 psi 
Tensile Str.—142,000 psi 
8-in. Elongation—10% 

40 2-in. Elongation -14 % 


Stress in thousands of psi 


ie) 00! 0.02 003 0.04 0.05 0.06 0.07 608 0.09 O10 
(e) 0.005 foye){e) fofe}ts} 0,020 
Strain 


Shearing stress at the girder end is: 


V 10,100 


- Ee en eo) 
bid 3 X00 X 12.75 ae @) 


v= 


4 which exceeds the 240-psi ceiling given by Section 803(c) for beams with 
_ vertical stirrups used alone as web reinforcement. Stirrups inclined 60 deg 
A were chosen as web reinforcement for the prototype. Since high strength 
2 longitudinal reinforcement cannot be welded in the field, the stirrups were 
only tied to the main reinforcement with soft wire, although Section 802(a) 
ealls for inclined stirrups to be ‘‘welded or otherwise rigidly attached to the 


longitudinal steel.” 
The stirrups were designed by Section 804(d) of the ACI Code: 


ee: V's (3) 
ieee ie jd (sin a a cos a) GES ohio eS oh (es inbiafswe.0) @ 16\°Os\iaa se) .g 18 cer, 8 
in which 
A, = stirrup area = 2 X 0.045 = 0.09sqin. jd = 0.9d 
s = horizontal stirrup spacing a = stirrup inclination 
fr = tensile unit stress = 20,000 psi = 60 deg 


By Section 801(d), the shear, V’, carried at service load by web reinforce- 
ment should be taken as the excess over a 90 psi shearing stress permitted 
for the concrete of an unreinforced web. It was felt that, in the present 
case of an unusually slender girder with high strength materials, the result- 
ing stirrup reinforcement would be too light in the midspan region. It was 
chosen, therefore, to design the stirrups throughout the girder span for a 
value of V’ equal to 2/3 of the total shear present at a section. The stirrup 
_ reinforcement designed in this manner is shown in. Fig. 3. 


476 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October 1958 ] 


Girder 2 had web reinforcement identical to that of Girder 1. The longi- 
tudinal main reinforcement was increased to eight #4 bars, thus still further 
delaying flexural failure by exceeding both the yield point and the steel 
percentage of the prototype. This was done to ascertain the strength of 
the web reinforcement. Face bars were added to one-half of the girder to 
determine their effect on flexural cracking. 


TEST RESULTS 


The general behavior of both test girders was entirely satisfactory through- 
out the test. In both cases ultimate strength was governed by yielding of 
the main tension reinforcement below one of the two load points located 
L/16 from midspan. Girder 2 failed in the half without face bars. 


Ultimate flexural strength 

The ultimate loads Pyss:, including dead weight of girder and loading 
frame, are given in Table 1 together with other pertinent strength data. 
Using 90,000 psi longitudinal reinforcement, the average flange depth of 
3.0 in. is less than the depth to the neutral axis given by 1.30 qd [Section 
A607(a)]. Accordingly, the ultimate moment is given by Section A607(b) 
of the ACI Code: 


My = (As — Aes) fy [1 — 0.59 (qe — ar)] + Aer fy (d — 0.5t)........ (4) 
in which for Girders 1 and 2, respectively: 


A, = area of tension reinforcement = 1.20 6’ = average width of web = 3 in. 
and 1.60 sq in. 


| 
Ay = 0.85 (b —b’) t f/f, = 0.804 and a y ee , 
0.890 sq in. fe cylinder strength = 4730 and 5230 psi 


fy = yield point of tension reinforcement d = effective depth = 15.5 and 15.25 in. 
= 90,000 psi qe = A,f,/b'd fey = 0.491 and 0.602 
b = flange width = 9 in. ar = Asfy/b'd f-’ = 0.329 and 0.336 


= average flange thickness = 3 in. 


The corresponding calculated ultimate loads, Pear, are given in Table 1. 
It may be noted that the 60,000 psi yield point limit given by Section A603(e) 
was exceeded and that compression reinforcement was neglected. The 
values of qw — gs given in Table 1 are substantially below the maximum 
value of 0.40 given by Section A607(c), so that Eq. (4) is applicable. 

Ultimate flexural strength was also calculated by more refined methods 
using a curved stress-strain relationship for the concrete and using the actual 
girder cross section. For an assumed trapezoidal steel stress-strain relation- 
ship, calculated ultimate loads were obtained within a few percent of those 
given in Table 1 for Eq. (4). Using the actual steel stress-strain curve of 
Fig. 5, however, calculations give a steel strain of about 0.01 at ultimate 
strength, which corresponds to a steel stress by strain hardening of 100,000 
psi. The resulting calculated ultimate loads are in close agreement with 
the observed ultimate loads, Pies:, given in Table 1. 
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TABLE 1—GIRDER FLEXURAL STRENGTH 
' Girder fc’, As, d,* 1.38qd, Prest Peale Prest 
No. psi sq in. in. at in, qu — af kips kips Peat 
1 4730 1.20 15.5 0.164 3.3 0.162 50.4 45.4 ie asl 
2: 5230 1.60 15.25 0.301 4.0 0.266 67.2 57.6 1.16 


*At load points L/16 from midspan. 
+Based on full 9-in. flange width. 


It may be concluded that, even in the present case of an unusually slender 
girder with high strength materials, a reliable and slightly conservative 
ultimate flexural strength design value may be obtained by Eq. (1) or (4), 


whichever is applicable. 


Girder deflection 


Deflections of Girder 1 were measured by dial gages (Fig. 1), and those of 
Girder 2 were obtained utilizing scales fastened to the girder and read with a 
surveyor’s level. Midspan deflections are given in Fig. 6a as a function of 
the total load. It is seen that Girder 1, which had tension reinforcement 
corresponding to that of the prototype, had a deflection of about 1 in. at 
full service load. This corresponds to 1/0.38 = 2.6 in. for the prototype. 
The prototype service load consists of about 27 percent live load and 73 
percent dead load. Assuming that dead load deflections will be doubled by 
the effect of creep, the total prototype deflection is 262 x 0.78.4 0:20) 
= 4.5in. The prototype girders were therefore built with a camber of 4.5 in. 


Girder deflection was calculated using the moment of inertia of the gross 
concrete section, considering the effect of the variable girder depth, neglect- 
ing reinforcement, and using a modulus of elasticity equal to 1000 f.’. A 
load-deflection line obtained for 5000-psi concrete strength is plotted in 


flection at service loads exceeds the calculated value. 


Fig. 6a. It is seen that, for the unusual girder involved, the measured de- 


By a second method, deflection was calculated on the basis of the following 
assumptions: (1) concrete and steel stress are proportional to strain; 
(2) the concrete section is cracked, and no tensile stress is carried by the 
concrete below the neutral axis; and (3) the modular ratio is n = 30,000/f.’ 
as given by Section 305. The load-deflection curves obtained by this cracked- 
section method are also plotted in Fig. 6a. At low loads, the actual deflections 
were less than ‘those so computed, because the girders were actually not 
cracked. At loads near the yield loads, actual deflections exceeded those 
calculated, because concrete and steel were approaching plastic action. In 
the region of service loads, however, deflection computed by the cracked- 
section method is in close agreement with measured deflections. 


Flexural strain 


Strain measurements were made on Girder 2 only. Flexural strain was 


- measured near the two central load points at sections 225% in. from midspan. 
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At each section, strain in the compression flange was measured by five 6-in. 
electric strain gages attached to the concrete surface. A 10-in. Whittemore 
mechanical gage was used to measure strain at four levels in the web. Finally, 
strains for all four steel layers were observed by electric gages attached to 
the reinforcement, waterproofed, and embedded in the concrete. 
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The distribution of strain across both sections was linear from the first 
load increment to failure. This substantiates numerous previous obser- 
vations justifying the design assumption that plane sections normal to the 
axis remain plane after bending. Average concrete and steel strain are given 
in Fig. 6b as a function of load. The concrete strain at failure exceeded 
0.003. The steel strain exceeded 0.01, confirming that the excess ultimate 
flexural strength over calculated values was due to strain hardening of the 
reinforcement. 


Control of cracking 


Reinforced. concrete must be expected to crack at loads considerably 
below the full design service load. For a modular ration = 30,000/f.’, ten- 
sile stress in the concrete at the tension steel level is f; = fsf:’/30,000. Hence, 
if the modulus of rupture of the concrete is f; = 0.15 f.’, cracking must be 
expected at a tensile steel stress f, = 4500 psi. It is known that, for a given 
beam, the width of cracks is essentially proportional to steel stress, and it 
has been customary to limit crack width by limiting the allowable steel 
stress to 20,000 psi even when beam strength requirements would permit a 
higher steel stress. 


The high strength reinforcement selected for the prototype girders has 
a minimum yield point of 70,000 psi. For a load factor of 1.8, the tension 
steel stress at service load is then 40,000 psi. Accordingly, it was necessary 
to develop other means of crack control than that of limiting the steel stress. 
The slender T-shaped cross section of the girders was chosen to reduce 
costs and dead weight and to realize a graceful architectural appearance. 
In addition, it was an important function of the slender section to obtain 
a crack pattern consisting of numerous very fine cracks rather than a few 
wide cracks. 

The width of cracks was measured with a graduated microscope in both 
girder tests, and the location and extension of cracks were noted at several 
load levels. The crack patterns at loads near that corresponding to the 
prototype service load (20.2 kips) are given in Fig. 7 


The width of flexural cracks in the constant moment region at midspan 
at a level 0.75 in. above the bottom of the girders is given in Fig. 7 as a func- 
tion of steel stress. Both the maximum crack width and the average width 
are given. Cracks near the beam ends, including diagonal cracks, were 
always narrower than those near midspan. Comparison is made with the 


results of an auxiliary group of tests involving three 8 x 16-in. rectangular 


beams loaded at third-points of an 11-ft span. 

Tt is seen in Fig. 7 that a change from rectangular to T-shaped cross section 
has a pronounced effect on both the maximum and the average crack width. 
At the prototype service load steel stress of 40,000 psi, the average crack 


: width for the test girders is 0.001 to 0.002 in., which is the crack width for 
the rectangular beams at the customary steel stress of 20,000 psi. To control 
ote : 
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Fig. 7—Crack studies 
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cracking, therefore, the selection of a narrow girder width is an effective 
alternate in design to the customary measure of limiting steel stress. 


To determine their effect on cracking, face bars were provided only in 
one half of Girder 2. Fig. 8 gives crack width cumulated for all cracks from 


Fig. 8—Crack control by 
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the girder end to midspan. At a level 0.75 in. above the bottom of the girder, 
‘the curve for the girder half with face bars practically coincides with that for 
the half without face bars. At the higher levels, however, Fig. 8 shows that 
the face bars reduced the cumulative crack width substantially. The face 
- bars effectively control cracking in the beam web, and they were used in the 


; Ei entire span of the prototype girders. 


. 


= q 
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Fig. 9—Stirrup strain measurements 


It may be concluded that, for a service-load steel stress of 40,000 psi, the 


prototype girders must be expected to be extensively cracked. By the slender 
T-section and the additional crack control afforded by face bars, these cracks 
at service loads should be individually so narrow that they will not be 
objectionable. To substantiate this, it may be noted that 76-ft roof girders 
somewhat less slender than those discussed herein were built in Stockholm 
after a design by Granholm.* Though the design steel stress at service load 
was 47,000 psi, measured crack width 6 years after construction did not 
exceed 0.004 in. It is generally considered that a crack width of 0.01 in. 
represents a safe limit below which cracks will not impair the beauty or 
durability of reinforced concrete structures. 


Stirrup reinforcement 


Girders 1 and 2 sustained a shearing stress at their ends, calculated by 
Eq. (2), of 723 and 980 psi, respectively, when the ultimate flexural strength 
was reached. At these high shearing stresses, there was no indication of 
shear or diagonal tension distress, and the inclined stirrups aided by face 
bars limited diagonal crack width to a few thousandths of an inch. For 
the prototype girders, therefore, a 300 psi design shearing stress at service 
load is entirely satisfactory, in spite of the fact that the 240 psi maximum 
value given by Section 803(c) is exceeded. 


Electric strain gages were attached to four stirrups at each end of Girder 
2 at middepth of the web. The gages were waterproofed and embedded. 


_ *Granholm, H., ‘‘Modern Developments in Reinforced Concrete Design and the Infl Research,"’ Proceed- 
ings, Building Research Congress, eaden 1951, Division 1, pp. 51-56, . en Bae F ms 


~ 
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TABLE 2—YIELD LOADS FOR END STIRRUPS 


& Pyieia, kips Pyieta/ (36.6 kips) 

4 Stirrup No. 

a from girder end With Without With Without 

a face bars face bars face bars face bars 

3 

= Ist 65 58 1.78 1.58 

4 2nd 58 AT 1.58 1.28 

3 3rd 56 61 1.53 1.67 

A ; 4th 56 46 1.53 1.26 

fs 

a Average 1.60 1.45 

2 

3 The strain data are given in Fig. 9 as a function of total girder load. The 
x stirrup strains were small until diagonal cracking began at a load of about 
A 20 kips. The strains then increased, but more slowly for the beam half with 
ss face bars. The girder loads at which the yield strain was reached for the 
SS various stirrups are given in Table 2. 

a For the 4.25-in. stirrup spacing and the 55,000 psi stirrup yield point used, 
4 Eq. (3) gives an average V’ of 18.3 kips between the support and first load ~ 


a point, and a total girder load of 36.6 kips. The ratio between the observed 
stirrup yield load and this calculated value of 36.6 kips averages about 1.5 
L in Table 2. This indicates that the stirrups carried 2/3 of the total shear 
- when they yielded. The ultimate load for Girder 2 was 67.2 kips, and at 
this load the stirrups carried only 36.6/67.2 = 55 percent of the total shear. 
Even so, there was no indication of shear or diagonal tension distress. 
To facilitate fabrication, intermediate grade stirrups with a minimum 
yield point of 40,000 psi are used in the prototype. These tests indicate 
_ that such stirrups may safely be de- : : 
signed by Section 804(d), but to carry 
2/3 of the total service load shear 
throughout the girder span at a stirrup 
unit stress of 20,000 psi. The ultimate 
- flexural strength of a prototype girder 
so designed can be fully developed 
without distress due to shear. It 
seems entirely satisfactory in this case 
to use inclined stirrups without weld- 
ing them to the longitudinal steel, in 
spite of the fact that Section 802(a) 
calls for welding. 
On the other hand, since no shear 
_ distress was observed in either of the 
two girder tests, it is entirely possible 
that stirrups designed to carry only the ; 
em excess over a 90 psi shearing stress Fig. 10—Girder-column connection after 


Be permitted on an unreinforced web test. Top—Girder 1; bottom—Girder 2 
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could suffice. It is the opinion of the writers, however, that any major roof 
girder, any beam with high strength reinforcement, and any beam with an 
unusually thin web should be provided with some web reinforcement through- 
out its span. This is particularly so for precast members because unforeseen 
erection loads, such as torsion, could seriously damage an unreinforced web. 


Girder-column connections 

Both girders were tested to failure in flexure with no indication of structural 
distress in the girder-column connection. Even the large rotations after the 
girders reached the plastic stage of large deflection were accommodated 
adequately. As shown in Fig. 10, bearing of the flange of Girder 1 caused 
local spalling of the column corner. This took place at service load, and 
could have been prevented by caulking rather than grouting the space 
between the flange and the column. For Girder 2 and for the prototype, 
however, the girder flange was discontinued at the face of the spandrel beams 
as seen in the lower photograph of Fig. 10. The performance of this latter 
connection was excellent in all respects. 


CONCLUSIONS 
Since the 1956 ACI Building Code reflects the state of reinforced concrete 


design as represented by the best practice of the day, it was considered that ° 


any departure from the Code provisions should be well substantiated. 

On the basis of tests of two 0.38-scale model girders, it was found entirely 
safe and satisfactory in the present particular case to depart in design 
criteria from the Code provisions as follows: 

(1) The 60,000 psi maximum value for stress in reinforcement at ultimate 
strength as given by Section A603(e) was increased to 70,000 psi. 

(2) The 240 psi maximum value given by Section 803(c) for unit shearing 
stress at service load of beams with stirrup reinforcement only was increased 
to 300 psi. 

(3) The provision of Section 802(a) that inclined stirrups must be “welded 
or otherwise rigidly attached to the longitudinal steel’ was waived. 

(4) It was considered desirable in the present case to use a more conservative 
stirrup design procedure than that given by Sections 801 and 802. Two-thirds 


of the total shear was considered carried by stirrups throughout the girder — 


span, even where the shearing stress “permitted on the concrete of an un- 
reinforced web” was not exceeded. 
(5) Face bars were provided to control cracking in the girder web. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Jan. 1, 1959, for publication in the June 1959 JouRNAL. 
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A research investigation on the ultimate shearing strength of reinforced and prestressed concrete 
lift slabs included the testing of 15 slabs, 12 of which were prestressed with unbonded cables. All 
specimens were 6 ft square and had thicknesses of 6, 8, or 10 in. The slabs were supported along all 


four edges and centrally loaded. 
Major variables were concrete strength, amount of prestressing or reinforcing steel, amount of 


initial prestress, size of steel collars, thickness of slab, and amount of collar recess. 

A comparison of the test results with expressions for ultimate shearing strength of reinforced concrete 
slabs proposed by Elstner and Hognestad and by Whitney indicate that these expressions, with proper 
interpretation, may also be used for the prestressed slabs included within this series of tests. 


IN RECENT YEARS the lift-slab method of construction has become a popular 
erection technique for buildings of the flat slab type. These slabs may be 
made of reinforced concrete or of prestressed concrete. The latter type has 
the advantage that deflection, which may be excessive in reinforced concrete 
slabs, can be minimized or even nullified by prestressing. The load on a lift 
slab is transferred to a column by means of a steel collar. This collar becomes 
an integral part of the slab at the time of casting and is fastened to the column, 
by welding or some other means, after the slab has been lifted to its final 


position. 
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Present design of flat slabs with respect to shear is based on only a limited 
amount of factual knowledge. For reinforced concrete lift slabs most de- 
signers follow current specifications similar to those given in ACI 318-56 for 
shear design of flat slabs. For prestressed slabs, present practice varies con- i 
siderably but generally consists of keeping the punching shearing stress at the . 


TABLE 1—DESCRIPTION OF TEST SPECIMENS . 


Total Effective Average , 
Slab Collar _ thick- Av- Aver-__s prestress prestress te’; . 
Group No. Reinforced size ness Collar erage erage in steel in psi | 
or r, t, recess, d,* DP. Se, concrete, | 
Prestressed in. in. in. in. percen ksi psi 
hr tL R 13 6 - 4.25 2.500 -— — 2813 ; 
S-2 R 13 6 - 4.25 2.500 — 4059 | 
II S4 P 13 6 1 3.63 0.452 165.0 450 3956 
8-5 Mg 13 6 - 3.00 0.547 91.8 250 2935 
8-6 P 13 6 - 3.63 0.452 91.8 250 4700 
8-7 P 13 6 - 4.38 0.562 125.0 500 
8-8 Ve 13 6 - 3.63 0.452 183.6 500 4348 
Ill 89 P 16 6 - 3.63 0.452 91.8 250 4376 
5-10 i) 16 6 - 3.63 0.452 183.6 500 4668 
Iv §-11 P 13 10 - 7.63 0.215 183.6 300 5125 
§-12 is 13 10 2 7.63 0.215 183.6 300 4919 
8-13 P 13 10 4 7.63 0.215 183.6 300 5228 
Vv S14 P 13 8 = 5.63 0.293 183.6 375 
8-15 P 13 8 5.63 0.293 183.6 375 5121 
VI $16 R 18 ~ - 6.50 1.517 — _ 3329 © 


EEE Se 
a a depth for flexure. To obtain effective depth for shear at collar subtract collar recess from these 
values. 


TABLE 2—PROPERTIES OF CONCRETE MIXTURES 


, Nominal Water-cement ratio Mix ratio Cement 
Mix. stengih, oj by weight Percent sand factor, 
No. psi Gal. per sack By weight SSD by weight sacks per cu yd 
1 3000 7.6 0.67 1:3.15:3.55 47.0 5.1 . 
2 4500 5.5 0.49 1:2.17:3.20 40.5 6.3 
3 4500 5.0 0.44 1:1.78:2,93 37.8 7.0 


Slab Mix Se’, hon! Ec, 
Group No. No. psi a ws oT deur ant 
I 8-1 i! 2813 462 2.37 X 108 2.9 14 
8-2 2 4059 463 3.13 X 106 1.9 14 : 
Il S-4 2 3956 571 3.06 X 106 2.1 14 
8-5 1 2935 455 2.75 X 10° 2.0 14 
S-6 3 4700 456 3.52 X 10¢ 2.3 13 
8-7 1 2890 488 2.66 X 106 70 13 
8-8 3 4348 605 3.37 X 106 2.3 14 
Il 8-9 3 4376 623 3.55 X 106 2.3 
8-10 3 4668 590 3.13 X 108 2.3 i4 
IV 8-11 3 5125 667 2.78 X 10° 2,1 
8-12 3 4919 507 2.69 X 108 2.2 14 
8-13 3 §228 519 2.88 2.3 14 
V S-14 3 561 3.46 X 108 2,2 
8-15 3 6121 472 3.45 X 106 2.2 14 
VI 8-16 1 3329 517 2.89 X 106 1.5 14 


*From 6 x 6 x 20-in, beams loaded at third points of 18-in. span. 
tSecant modulus of elasticity at 1000 psi, from 6 x 12-in. cylinders. 
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edge of the collar below some arbitrary assigned value. This allowable value 


_ may range from 0.04 f,’ to 0.06 f.’. 


Little experimental work has been done to determine the shearing strength 
of such slabs. It was the purpose of this study to investigate the ultimate 
shearing strengths of prestressed concrete slabs (also some reinforced concrete 
slabs) with lift-slab collars and to compare experimental results for shearing 
strength with those indicated by various analytical expressions. 


Scope 

While present design practice bases the allowable shearing stress on only 
one variable, the cylinder strength, f.’, it is generally agreed that the ultimate 
shearing strength is also dependent on several other variables. The most 
important of these variables appears to be the distribution and relative mag- 
nitude of shearing and normal stresses on the critical section. Since in slabs 
the normal stresses are produced by flexural action, the shearing strength is 
therefore a function of the shear to moment ratio. In prestressed slabs the 
amount of prestressing will also have an effect on this variable. Another 
important factor to be considered is the amount of cracking that has taken 
place just prior to failure. This affects the net section available to resist 
shear at failure. 

The foregoing effects as well as other practical design problems were studied 
by including the following variables in the experimental program: (a) con- 
crete strength, (b) amount of prestressing or reinforcing steel, (c) amount of 
initial prestress, (d) size of steel collars, (e) thickness of slab, and (f) amount 
of collar recess. 

Fifteen slabs were tested to ultimate failure. All specimens were 6 ft 
square and had thicknesses of 6, 8, or 10 in. Slabs were supported along all 


four edges and centrally loaded. 


Fourteen slabs with lift-slab collars were tested. Of this group 12 were 
prestressed using unbonded cables and two were made of conventional rein- 
forced concrete. In addition one reinforced concrete slab with a concrete 
column stub and shear reinforcement was tested. 


EXPERIMENTAL PROGRAM 


Description of test slabs 
The test slabs were divided into six groups. A description of each specimen may be found 
in Table 1 and in Fig. 1, 2,3, and 4. All slabs were 6 ft square. Outer dimensions of the square 
steel collars used were either 13 or 16 in. Concrete strengths varied from 2800 to 5200 psi. 
Average initial prestress for the slab concrete covered a range between 250 and 500 psi. Slab 
thicknesses were 6, 8, or 10 in. with collar recesses of 0, 1, 2, or 4 in. 
Group I—The two slabs of this group, S-1 and S-2, were identical reinforced concrete 
slabs except for concrete strength. They were 6 in. thick with 13-in. steel collars. Fig. 1 
shows a sketch of these slabs indicating the reinforcement used. Reinforcement was 
selected so as to give equal moment resistance in both directions. Bars were cut off at 
the edge of the column opening. - 
Group II—This group consisted of five prestressed concrete slabs, S-4 through 8-8, 
which were all 6 in. thick with 13-in. collars. The variables consisted of concrete strength, 
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Fig. 2—Layout of prestressed concrete 
lift slabs (S-4, S-6, and S-8 through S-15) 


Fig. 1—Layout of reinforced concrete lift 
slabs S-1 and S-2 


oe Fig. 3—Layout of prestressed concrete Fig. 4—Layout of special reinforced con- 
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amount of prestress, and arrangement of prestressing cables. The collars were all flush 
except that of S-4 which was recessed 1 in. Fig. 2 and 3 indicate the prestressing cable 
arrangements. 
Group III—This group, consisting of S-9 and S-10, was similar to Group II with the 
exception that the collar size was 16 in. instead of 13 in. Arrangement of prestressing 
cables was similar to S-4, S-6, and S-8 and is shown in Fig. 2. 
ze Group IV—Slabs 8-11, S-12, and 8-13 were all 10 in. thick and had 13-in. collars with 
2 recesses of 0, 2, and 4 in., respectively. Arrangement of prestressing cables was similar 
to Group III and is shown in Fig. 2. 

Group V—Slabs 8-14 and S-15 were 8 in. thick and had 13-in. collars with recesses 
of 0 and 2 in. respectively. Arrangement of prestressing cables was similar to Group III 
and is shown in Fig. 2. 

Group VI—This group consisted of a single special slab, S-16, which was a full scale 


\ 


E model simulating a reinforced concrete slab and column from a building designed by the 
3 Division of Architecture, State of California. Details of this slab are shown in Fig. 4. 
A The slab was 8 in. thick. A “zig-zag” shear head constructed of #3 bars was placed 


concentrically around the column stub. 


“s Materials 


Forms were stripped 3 to 7 days after casting. The specimens were cured moist for 7 days 
using damp burlap and left air dry until testing at an age of 13 or 14 days. Prestressing was 
done the day prior to testing. 

Santa Cruz Type I portland cement was used throughout the tests. The cement was pur- 
chased in one lot of 200 sacks and stored in steel drums until used. The fine aggregate used 
was Elliot §.E. 80 sand. The average fineness modulus was 3.20. The coarse aggregate was 
Elliot 1{ in. to 34 in. gravel having an average fineness modulus of 6.59. Absorption for both 


6"x4"x 3 ANGLES 4"x2"x + PLATES 


PLATES 
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13" x13" COLLARS 


Fig. 5—Lift-slab collars 
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the fine and coarse aggregates was about 1.5 
percent by weight. The specific gravities 
were 2.66 for sand and 2.69 for gravel. 

Concrete mixtures were designed for 14-day 
strengths of 3000 and 4500 psi. Two different 
mixtures were used for the 4500-psi concrete. 
Water-cement ratios were 0.49 and 0.44 for 
the 4500-psi concrete mixtures and 0.67 for 
the 3000-psi concrete. Mix proportions are 
given in Table 2. 


Control specimens consisted of four 6 x 12- 
in. cylinders and three 6 x 6 x 20-in. beams 
for each slab. They were cured in the same 
manner as the slabs. Cylinders and beams 
were tested on the same day as the cor- 
responding test slab. Average values of com- 
pressive strength and modulus of elasticity 
obtained from the cylinders and modulus of 
rupture obtained from the control beams are 
presented in Table 3. 


ITIL 14-in. diameter cold drawn high tensile steel 
‘aetna S wires. The wires were coated with a special 
asphaltic compound and wrapped with sisal- 
kraft paper to prevent bonding to the concrete. 
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I Naxevaves Seven samples of the prestressing wire were 
SMESM SMES Ss 4 F 
tested in tension on a 10-in. gage length. 


Average values determined from these tests 
were as follows: proportional limit, fp, = 146 
12" ksi; yield point, f, = 217 ksi (as measured 


by the 0.2 percent offset method); ultimate 
SECTION A-A strength, f, = 247 ksi; modulus of elasticity, 
Fig. 6—Loading column E, = 26,300 ksi; and percent elongation in 
10-in. gage length = 4.4 percent. 
Reinforeing bars conformed to ASTM A 305 and were of intermediate grade. Eight samples 


were tested in tension on an Sin. gage length and the following average values were deter- 
mined: f, = 50 ksi; f, = 80 ksi; Z, = 28,500 ksi; percent elongation in 8 in. = 24.2 percent. 


Collars, loading column, and support frame 


The lift-slab collars used in the tests had outer dimensions of either 13 in. square or 16 in. 
square with a column opening of 8 in. square. Details of both types of collars are shown in 
Fig. 5. The collars were salvaged after each test and reused several times. 


To-simulate the column used in lift-slab construction, a 74% in. square column was fabri- 
cated from two 8x8-in. angles welded together to form a box section. Lug plates 34 in. thick 
were welded to each side of the column to transfer the load from the column to the slab. To 
provide nearly uniform bearing on each side of the column, shims were placed between the 
column lug plates and the slab collar. A spherical bearing block was placed between the 
column and the head of the testing machine. The loading column is shown in Fig. 6. 
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The prestressing cables each contained six . 
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To approximate the conditions existing in continuous structures a simple support at the 
perimeter of the test slabs was selected. The position of this support approximates the line 
of zero moment around an interior column in a typical lift-slab structure. To provide this 
support a steel frame was constructed of 8 in. wide flange beams. The open frame was de- 
signed to provide a view of the bottom of the slab during testing. Wheels permitted the frame, 
with mounted slab, to be rolled into position under the testing machine after which the wheels 
could be removed. A 1x 2-in. strip of oak wood was bolted to the top of the frame to allow 
some flexibility for the support. Hydrostone, a capping compound, was placed between the 
slab and support to ensure uniform bearing at the start of each test. No effort was made to 
hold down the slabs which, when loaded, tended to deflect upward at the corners. 


Loading and instrumentation 


Cable prestress was applied by means of a 30-ton capacity hydraulic jack which had been 
calibrated. Prestressing was always done 1 day prior to testing. The cables were overstressed 
10 percent for a 2 to 3 min period, then released toa 5 percent overstress which was assumed 
to be the anchorage takeup loss. Creep and shrinkage for a 1-day period was considered 
negligible. 

Load was applied with a 4,000,000-lb universal testing machine. The least reading of the 


machine in the range used was 500 lb. The capacity of the machine was much greater than 


needed, but it was necessary to use this machine because of the required clearance between 
screws necessary for the test assembly. 

The slabs were loaded in 8 to 25 increments of load up to failure. Strains and deflections 
were measured after each loading increment. 

Strains in the concrete were measured by 12 SR-4, type A-1 strain gages for each slab. Gage 
locations are shown in Fig. 7. Additional SR-4, type A-5 gages were placed on the reinforcing 
bars of slabs 8-1 and S-2. The strain data proved to give useful information in only a few 
cases and are therefore not reported in this paper. 


Fig. 7—Location of SR-4 gages 
and deflection gages 
-§R-4 gages No. 7-12 are located on LP ref AE 


‘the bottom of the slab directly un- ae 
derneath No. 1-6, respectively © 0.001" Dial Gages 
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Deflections were measured along two lines with fourteen 0.001-in. dial gages attached to a 
bridge to give the slab profile after each loading increment. The 0.001-in. dial gages also 
measured the deflections of the column and two slab corners. Fig. 7 shows the locations of the 


dial gages. The corners were free to lift during all tests. 


The photographs of Fig. 8 show the test assembly and the instrumentation. 


Fig. 8—(top) Test assembly; (bottom) Instrumentation 
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NOTATION 


The letter symbols used in this paper are generally defined when they are introduced. The 
most frequently used symbols are listed below for convenient reference: 


a = width of slab P = load 
b = perimeter of vertical shear area at P,j.ar = calculated ultimate shearing load 
critical section Pree = calculated ultimate flexural load 


d = average effective depth of tensile re- P 
inforcement, distance from compres- oe 
sion surface of a slab to the plane 
common to each layer of tensile rein- 


= measured ultimate load 

p = average percentage of tensile rein- 
forcement 

q = tensile reinforcement index 


forcement 
E. = secant modulus of elasticity at 1000 _ Py 

psi obtained from 6 x 12-in. concrete aH 

cylinders 
E, = modulus of elasticity of steel r = side dimension of square loaded area 
f.’ = compressive strength of 6x 12-in. s = cable spacing in in. 

concrete cylinders i = total thickness of slab 
fe = effective unit stress in psi in pre- V = shearing force 

stressing steel prior to loading V, = shearing force corresponding to 01 
F, = effective total force in Ib in pre- V» = shearing force corresponding to v 

stressing steel prior to loading of slab ;. : : 

: een : V; = shearing force corresponding to vs 

fp = proportional limit of prestressing : 

steel vy = shearing stress 


v, = shearing stress computed at a dis- 
tance d from the edge of the loaded 
area 

f, = yield point of prestressing or ast. v» = shearing stress computed at the edge 
forcing steel of the loaded area 

= shearing stress computed at a dis- 


j = ratio of internal moment arm to v3 = 
effective depth, assumed equal to % tance d/2 from the edge of the loaded 
area 


mM, = ultimate resisting moment per unit 
width ; d = ratio of Psrear/Pyiex 


fi’ = modulus of rupture of concrete 
fy = ultimate strength of prestressing or 
reinforcing steel 


ANALYTICAL STUDIES 


At present there is no design specification available for computing the 
allowable shear load on a prestressed concrete flat slab. For reinforced con- 
erete flat slabs, however, the 1956 ACI Building Code! prescribes that the 
shearing unit stress existing in a flat slab be computed by the formula: 


in which V is the total shear acting on vertical sections which follow a pe- 
riphery, 6, at a distance, d, beyond the edges of the column or column capital 
and parallel or concentric with it; d is specified as the effective depth of the 
tensile reinforcement and j is normally taken as 7%. The ACI Code further 


stipulates that the stress as computed by Eq. (1) shall not exceed an allowable 
ress whic n of the cylinder stress, f.’, and the 
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amount of bending reinforcement passing over the column or column capital. 
In applying Eq. (1) to lift slabs, designers normally take the outer edge of the 
steel collar as synonymous with the edge of the column or column capital in the 
ACI definition. 

Studies made by Elstner and Hognestad** indicated that the above pro- 
cedure yielded a highly variable factor of safety between allowable and ultimate 
strengths when applied to slab tests conducted by them and to footing tests 


TABLE 4—CALCULATED VALUES FOR ULTIMATE FLEXURAL STRENGTH 
See Eq. (4), (5), (6), (7) 


Slab te, fu,* fe, P. d,t eh Pyhez, 

Group No. si ksi psi percent qa in. kip-in. perin. kips 
I S-1 — 48.0 2813 2.500 0.426 4.25 16.2 136.3 
S-2 —_ 48.0 4059 2.500 0.295 4.25 17.8 149.3 

I S-4 165.0 223.0 3956 0.452 0.255 3.63 11.3 83.5 

: 8-5 91.8 193.7 2935 0.547 0.361 3.00 7.51 63.0 
8-6 91.8 193.7 4700 0.452 0.186 3.63 10.1 84.9 

8-7 125.0 207.0 2890 0.562 0.403 4.38 17.0 142.5 

8-8 183.6 230.4 4348 0.452 0.240 3.63 11.8 98.7 

Ill 8-9 91.8 193.7 4376 0.452 0.200 3.63 10.2 90.5 
$-10 183.6 230.4 4668 0.452 0.223 3.63 11.9 106.1 

IV 8-11 183.6 230.4 5125 0.215 0.097 7.63 27.2 227.8 
§-12 183.6 230.4 4919 0.215 0.101 7.63 27.1 202.5 

8-13 183.6 230.4 5228 0.215 0.095 7.63 27.2 180.0 

Vv 5-14 183.6 230.4 4800 0.293 0.141 5.63 19.6 164.3 
$-15 183.6 230.4 5121 0.293 0.132 5.63 19.7 140.2 

VI 5-16 — 48.0 3329 1.517 0.219 6.50 11.3 250.0 


+f, = 157 + 0.40 fe for prestressed slabs. 
Effective depth for flexure. To obtain effective depth for shear at collar subtract collar recess from these values. 


TABLE 5—TEST RESULTS 


Prost 
Ve bd 
v;—at a distance d from the edge of the collar 
v2—at zero distance from the edge of the collar 
vy—at a distance d/2 from the edge of the collar 


Ultimate shearing stress v = 


d 
Slab  —- Prest,_~— (at collar), —r, m1 02, v3, fe’ vi/fe! v2/fe’ —v3/ fe! 
Group No. kips in, in. psi psi psi psi 

i 5-1 105.0 4.25 13 328 543 407 2813 0.116 0.194 0.145 
8-2 109.0 4.25 13 341 563 423 4059 0.084 0.139 0.104 
II S-4 80.0 2.63 183 476 666 558 3956 0.121 0.169 0.141 
8-5 60.0 3.00 13 300 440 357 2935 0.104 0.150 0,122 
8-6 78.5 3.63 13 804 475 372 4700 0.065 0.101 0.079 
8-7 121.5 4.38 13 366 610 455 2890 0.127 0.211 0.157 
8-8 99.5 3.63 13 386 602 472 4348 0.089 0.139 0.109 
Ill 8-9 105.0 3.63 16 356 517 421 4376 0.081 0.118 0.096 
5-10 118.0 3.63 16 400 581 474 4668 0.086 0.125 0.101 

IV 8-11 225.0 7.63 13 298 648 408 5125 0.058 0.127 0. 
8-12 171.5 5.63 13 358 670 466 4919 0.073 0.136 8-008 
8-13 109.0 3.63 13 422 660 516 §228 0.081 0.126 0.099 

Vv S-14 168.0 5.63 13 351 655 457 0.073 0.138 0. 
8-15 120.0 3.63 13 725 569 5121 0.091 0.142 Olt 
VI 5-16 250.0* 6,50 18 273 468 843 3329 0.082 0.141 0.103 


*250.0 kips was total test load. In computing ultimate shearing stresses in 6 ki ich is based 
on yielding shear reinforcement taking 584 ices = earner Fe cere ten pag eke 
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reported by Richart.* Recently Whitney® has made an extensive study of the 
same test data. These studies resulted in proposed new methods for determin- 
ing the allowable and ultimate shearing strength of reinforced concrete slabs. 

The ultimate shearing strength of a reinforced or a prestressed concrete 
slab is primarily a function of the net area available to resist shear at the 
critical section and the ultimate shearing stress available at that section. 
Several complications arise, however, in trying to predict the magnitude of 
these quantities. 

(a) Where should the critical section be taken? (b) What proportion of the 
total uncracked depth should be used in computing the net area available to resist 
shear? (c) What are the variables affecting the ultimate shearing stress and how 
can the stress distributions be predicted in a particular case? 

The location of the critical section recommended by the ACI Code is at a 
distance d from the edge of the loaded area; Elstner and Hognestad recommend 
that it be taken at the edge of the loaded area; Whitney proposes that it be 
taken at a distance d/2 from the edge of the loaded area. The actual distance 
to be taken cannot yet be determined analytically and must be determined 
empirically by correlation with test results. 

The proportion of the total uncracked depth to be used in computing the 
net area available to resist shear is also a difficult quantity to ascertain since 
it is dependent on the amount and location of flexural cracking that has taken 
place just prior to ultimate failure. Certainly for slabs with high shear-mo- 
ment ratios the amount of flexural cracking will be smaller than for slabs with 
low shear-moment ratios. From a practical standpoint a fixed depth equal to — 
the effective depth at the critical section might be used in computing a nominal 
stress and the ultimate shearing stress could then be determined empirically 
by including the shear-moment ratio as a variable. 


~ Analytical study of test slabs 


From the preceding discussion it is evident that at the present time a method 
for predicting the ultimate shearing strength of reinforced and prestressed 
concrete can only be developed by applying empirical approaches to the results 
obtained from tests. : 

For comparative purposes the ultimate shearing stress for the test slabs 
was calculated at a distance d from the edge of the collar, v1; at the edge of 
the collar, v2; and at a distance d/2 from the edge of the collar, v3. These 
values are shown in Table 5 under test results. In all cases v was taken as 
equal to Press/% bd. A study of these results indicates that v or v/f-’ cannot 
be considered a constant at any of the three sections. 

The empirical approaches that were applied to the test data are discussed 


below. 


1956 ACI Code method . 
The allowable shearing stress for flat slabs as specified by the 1956 ACI 


Code is 0.025 f.’, but is not to be greater than 85 psi. Values of allowable 
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shearing stress 01, Pattow = 1% v1 bd, and Pres:/Pattow are given in Table 6. 
- The ratio Pies:/Pattow represents the factor of safety for the slabs tested. 

As might be expected the application of this method to prestressed as well 
as reinforced concrete slabs yields a wide range of factors of safety, varying 
from about 3.3 to 5.6. Even for slabs S-1 and 8-2, which were identical rein- 
forced concrete slabs except for concrete strength, the factors of safety were 
4.64 and 4.00 respectively. 


Elstner-Hognestad method 


In 1953 Hognestad,* recognizing that the ultimate shearing stress in foot- 
ings and slabs was related to the flexural capacity of the specimen, reported 
on a re-evaluation and re-analysis of Richart’s* footing tests. Based on this 
study Hognestad found the ultimate shearing strength of a variety of slabs 
could be expressed by the empirical equation: 


3g + Di birt oe hele peers 5 
a Ub ia % bd =H C = Py cml ise BDAC uray Oh ecu HNN ect fannor D 

- or rewriting: 

a 

: v2 130 0.07 

a Geo ee Ble (2a) 
3 f,! bic Po 


po 


Sulriss Vitis fed eek) Ott Sa tie Sek Ciel ae ies 
‘abi rere es des eS tea 


in which v2 represents the ultimate shearing stress computed at the perimeter 
of the loaded area, V is the total shearing force, 6 is the perimeter of the loaded 
area, and f,’ is the ultimate compressive strength of the concrete; . is defined 
as the ratio of Penear to Pyiez Where Pyiez is the ultimate flexural capacity the 
slab would have if it had not failed in shear. 


In 1956 Elstner and Hognestad? reported on a continuation of the above 
study in which they gave the results of new tests performed on thirty-nine 6 ft 
square reinforced concrete slabs. These slabs were in general supported only 
at the edges and centrally loaded through a reinforced concrete column stub. 
To give better correlation for higher concrete strengths, Elstner and Hogne- 
stad revised Eq. (2a) for slabs without shear reinforcement to give: 


v2 eat Bits) 0.046 


= == + 
fe’ K% bdf.’ ite bo 


Additional equations were presented for slabs with shear reinforcement. In 
- computing the ultimate flexural strength of slabs, the yield line theory® was 
used. Application of Eq. (8) to Richart’s column footing tests and the slab 
tests of Elstner and Hognestad gave values of Prest/Peate TANINE from 0.84 to 
1.17 with average values near 1.0. 

The application of Eq. (3) to the reinforced and“prestressed concrete lift 
slabs tested in the present investigation gave good correlation with test results. 
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The results are shown in Table 6 which indicates a range of values of Punt 
Perear from 0.88 to 1.20 with an average value of 1.06 and a standard deviation 
of 0.096 for the 15 slabs. Psiear represents the theoretical value obtained for the 
test specimen. 

In using Eq. (3) the computation of Pstez, the ultimate flexural capacity of 
the slab, presents some difficulties when applied to slabs with lift-slab collars 
and also when considering prestressed concrete slabs with unbound cables. 

In the application of the yield line theory for the ultimate flexural strength 
of the test slabs the question arises of how much, if any, moment can be de- 
veloped at the perimeter of the collar. In addition what is the effect on the 
magnitude of this perimeter moment due to recessing of the collar? Observa- 
tion during the tests and a study of the test results seem to indicate that for 
flush collars the full moment can develop at the perimeter of the collar and for 
slabs with collars recessed an amount equal to about 0.5d, where d is the 
effective depth for the slab with unrecessed collar, this perimeter moment 
diminishes to nearly zero. A study of collar strains measured by SR-4 gages 
attached to a collar flush with the concrete indicates that the collar transfers 
a large compressive force across the column opening. (Visual inspection of 
salvaged collars showed cracks in the weld at the joint of the vertical angle 
legs. These joints were rewelded with a heavier weld.) With large collar 
recesses the compression force transmitted was small. From these observa-’ 
tions it was concluded that collars flush with the concrete developed the full 
moment capacity of the section at the perimeter of the collar and for collars 
recessed 0.5 d or greater no moment could be developed at the perimeter of 
the collar. 


For the case of a simply supported square slab loaded through a square 
column with the corners free to lift, the ultimate flexural strength given by 
the yield line theory is: 


; re ~ 
Pres = 8mu| [——— | — (3° "9 0°2) Fy cavte a eee (4) 
1—-— 
a 


where m, is the ultimate moment capacity per unit width of the slab and r/a 

is the ratio of the side dimension of the loaded area to the slab width. For 
lift slabs, r becomes the collar width, 13 or 16 in. in this investigation. Eq. (5) 

assumes that the moment, m,, is developed along the diagonals and at the 

perimeter of the loaded area. 


If no moment is developed at the perimeter of the loaded area, the ultimate 
flexural strength for a square slab with the corners free to lift becomes: 


Pricg St 16 My (NS 1) tar ar ihe eee eek (5) 


; To give approximate values of Psies for recesses of less than 0.5 d a straight 
line interpolation between the values given by Eq. (4) and (5) can be assumed, 
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e.g., for a recess of 0.25 d, Pier would be 6.627 m, plus one-half of the dif- 


- ference between Eq. (5) and (4) for the particular slab dimensions. 


When applying the yield line theory to prestressed concrete slabs it must 
first be assumed that the prestressing steel has sufficient ductility for the full 
yield line pattern to form and second, when unbonded cables are used, a 
method for estimating the steel stress for the needed computation of mx, the 
ultimate or yield moment, must be devised. The yield line theory can only 
be considered an approximate method when applied to the computation of the 
ultimate flexural strength of an unbonded prestressed concrete slab. 

The value of the stress in the prestressing steel developed at ultimate 
moment was designated f,. The values of Pier calculated for the slabs tested, 
by using various expressions for the value of f, which have been proposed for 
beams, were greatly below the test loads. This indicated that these expressions 
for beams, probably developed for much longer cables, were not applicable 
to the short cables used in the test slabs. A study of the test results, along 
with approximate computations for the cable elongation due to fiber strain, 
eracking, and deflection of the slab, showed that f, for the test slabs could be 
approximated by the expression: 


“hur Sige SRR CERT ee NA ie gE Sere (6) 


where f, is the effective prestressing steel stress in psi prior to loading. It 
must be noted that Eq. (6) is purely empirical and is applicable only to the 
short cables in this test series. For longer cables as would be found in pre- 
stressed slab construction other relationships should be used which would 
depend on the situation considered. Once f, has been established the yield 
moment per unit width may be computed by means of the following formula: 


my, = fe’ Bq (1 — 0.599)... 2. ere oe eee eee ) 


in which g = pfy/f- and average values for p and d are used for the two layers 
of steel. 

Using the method described above, values of Pyiez for the tests slabs were 
calculated and these are tabulated in Table 4.- Having obtained Pyz.2, values 
for Penrear were calculated by Eq. (3). Results are given in Table 6. It should 
be pointed out in using Eq. (3) that the value of Psicar obtained is relatively 
insensitive to changes in Pyrez. A change in the value of Pyiez used of 10 or 
15 percent will only change the value of Psxear by 2 or 3 percent. 

To show the effect of concrete strength, f,’, and ultimate shear-flexure ratio, 
$», the values given in Table 6 were adjusted first to a common value off. = 
3500 psi and then to a common value of @. = 1.0 using the equations 


Ve 333 333 
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f, = 3500 psi 


To 


= 3500 psi 
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RELATIVE SHEARING STRENGTH , 45 


Fig. 9—Influence of shear-flexural strength ratio using Eq. (3) 


These results are shown graphically in Fig. 9 and 10 which indicate a de- 
crease in ultimate shearing strength, v2/, f with increasing values of ¢, or f.’. 


‘The results obtained for the slabs tested by Elstner and Hognestad are also 
indicated on these figures for purpose of comparison. It can be noted that 

there is considerable scatter of the test data for these reinforced slabs as well 
as for the prestressed slabs. 


_ Whitney method 


a In 1957 Whitney® proposed that the ultimate shearing strength of rein- 
forced concrete flat slabs should be computed by the equation: 


in which », is the ultimate shearing stress at a distance d/2 from the face of 
the column, J, is the distance from the face of the column to the load position, 

and m, is the ultimate resisting moment per in. width of slab within the base 
of the pyramid of rupture. The m, may be computed by Eq. (7) for under- 


~ . reinforced slabs and by Eq. (9) when over-reinforced. 
A 


d? f,! 


+ 
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: CYLINDER STRENGTH f;, psi 
3 Fig. 10—Influence of cylinder strength using Eq. (3) 
2 ~ Having obtained the ultimate shearing stress from Eq. (8), the ultimate 
2 shearing strength of a flat slab, as governed by shear, is calculated by: 
4 Pop vy bo eA od (FO) os ein Ne es Ook (10) 
Q Whitney’s proposed method was based on his analysis of the test data of 
a Richart,‘ Elstner,? and Hognestad.* 
& The method described above was applied to the test data obtained in this 
a investigation to ascertain if it would give satisfactory results when applied to 
= prestressed as well as reinforced slabs. ~The results are shown in Table 6 
4 which indicates a range of values for the slabs (excluding S-13 which had a 
.  4-in. recess) from 0.92 to 1.32 for Prest/Pshear with an average value of 1.10 
' _and a standard deviation of 0.123 for 14 slabs. 
E For slabs with recessed collars m, was computed using the full effective 


depth neglecting the recess, while the d used in computing (m./d?)Vd/l, was 
Z taken as the effective depth at the collar. This procedure gave the best 
3 correlation for the test data. 
a The results obtained using Whitney’s method are shown graphically in 
Fig. 11. The results of the Elstner-Hognestad test slabs are also shown. It 
~ ean be seen that the results for the prestressed slabs generally fall within the 
limits of the data obtained for reinforced slabs. Modified forms of Eq. (8) 
could be proposed which would fit this test data equally well, but at best any 
of these can only be considered as estimates of the sheat strength which may be 


useful for design purposes. — 
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Other empirical approaches 

Various other approaches were made in an attempt to obtain an analytical 
expression which would give better correlation with the test results. None 
of these improved on the correlation obtained using the methods already 
described. 

One of the expressions developed which fit the test data quite well was an 
empirical equation for prestressed slabs which does not necessitate the com- 
putation of Pyiez OF Mu. This expression is as follows: 


a shear 


F. 
= 0.175 — 0.0000242 f.’ + 0.000020 —...........+.+-- (11) 
bd f. 8 


in which F, is the effective prestress force per cable in lb and s is the cable 


‘spacing in in. Eq. (11) is based on a small number of tests and can only be 


considered to be applicable in cases similar to the test slabs. However, it is 
felt that with additional tests an expression similar to Eq. (11) could be 
developed which might prove to be the simplest for prestressed concrete 
design. 

A comparison of the results obtained using Eq. (11) with the test data is 
given in Table 6. Values of Prest/Psrear range from 0.89 to 1.12 with an average 
value of 1.02 and a standard deviation of 0.075 for the 12 prestressed slabs. _ 
These results are indicated graphically in Fig. 12. 


EXPERIMENTAL RESULTS 

General behavior 

All slabs were loaded to ultimate failure, which in all cases occurred by a 
final punching of the steel collar through the concrete. The manner of failure 
was sudden and violent in some cases and often accompanied by the dropping 
out from the bottom of the slab of a large amount of concrete. 

In the case of the prestressed concrete slabs, the sequence of events during 
the test was generally as follows: 


a. The first visible flexural cracks appeared at 40 to 60 percent of the ultimate load for 
the slabs with flush collars and at succeedingly higher percentages as the amount of 
collar recess was increased. 

b. The corners of the slab lifted and this was generally followed by the appearance of 
vertical cracks at the edges of the slab a short distance in from the corners. 

c. The flexural cracks on the bottom of the slab spread into a crack pattern and in most 
cases reached the corners of the slab; the amount of flexural cracking visible just 
prior to failure varied considerably. 

d. The collar punched through with concrete dropping from the bottom of slab. 

. The failure cone was very flat and extended in some cases beyond the edge of the slab. 
Upon release of the load the tension in the prestressing cables tended to put the 
bottom of the slab back into compression and in cases where a large amount of con- 

 erete had fallen from the bottom, leaving no compression area available, the slab 
buckled upwards. 


> © 


The behavior of the three reinforced concrete slabs tested differed from the 
prestressed concrete slabs in that the first visible flexural cracks occurred 


‘'s * Bin dba oS ab trade Ty 


Tite 


Va 


ao 

a 

aur 200 
‘k 

+ 


ae ee 


500 


400 


300 


100 


-20 


,05 


100 200 


PRESTRESSED LIFT SLABS 


503 


rN 
5-13 (4in, RECESS) 
ihe | 
x 
| zi Py 
TEST VALUES 
m, a o REINFORCED LIFT SLABS 
MaetOO geome = 4 © SPECIAL REINFORCED SLABS 
: A LOW PRESTRESS, LIFT SLABS 
A HIGH PRESTRESS, LIFT SLABS 
x ELSTNL -HOGNESTAD SLABS 


300 400 500 


+ \, psi 


600 700 800 


Fig. 11—Test values compared with Eq. (8) 


Ble Aarons 


2000 


bdfe 


3000 


P_ _ 0.175 - 0.0000242 f¢+ 0.0000200 a 


4000 
fe » psi 


Mee VALUES ——, 
a 2: 1500 
iS 
F. 
&= 300 
A re 3 0 
aes = 
2 = 3000 
4) 
Lh 
== 1500 
4 
ne mill =i 
5000 6000 


Fig. 12—Test values compared with Eq. (11) 
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Fig. 13—Load-deflection curves for slab groups | and Il 


earlier, at about 15 to 25 percent of the ultimate load, and there was no tend- 
ency for the slab to spring back up after the test load had been released. 

All failures were due to a combination of shear and flexure with one or the . 
other dominating. By studying the load-deflection curves given in Fig. 13 
and 14 one can estimate the relative amount of flexural cracking that took 
place prior to the failure in each case. 

A detailed description of the behavior of each slab during testing may be 
found in Reference 7. 


DISCUSSION AND CONCLUSIONS 


A total of fifteen 6 ft square specimens were tested to study the ultimate 
shearing strength of prestressed and reinforced concrete lift slabs. Twelve 
of the slabs were prestressed with unbonded cables and three of the slabs were 
made of reinforced concrete. Major variables were concrete strength (2800 
to 5200 psi), average initial prestress (250 to 500 psi), collar size (13 to 16in.), 
slab thickness (6, 8, or 10 in.), and amount of collar recess (0, 1, 2, or 4 in.). 

Final failure of all slabs occurred when the steel collar punched through 
the slab. A variable amount of flexural cracking was visible just prior to 


failure and was generally smaller in the thicker slabs and the slabs with column 
recesses. 


On the basis of a study of the analytical and test results the following con- 
clusions are advanced. 


1..The ultimate punching shear stress as computed by v/f.’ = Pres:/% bd fe’ 
varied between 0.101 and 0.211 at the edge of the collar; between 0.079 and 
0.157 at a distance d/2 from the edge of the collar; and between 0.058 and 
0.127 at a distance d from the edge of the collar. Therefore it cannot be con- 
sidered to be a constant at any one of these locations. 
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2. The use of 1956 ACI Code methods of calculating the allowable shear 
load when applied to prestressed and reinforced concrete lift slabs yields a 
wide range of factors of safety on the ultimate strength, from about 3.3 to 5.6. 

3. The test data of this investigation agree quite well with the results ob- 
tained using the ultimate shearing strength formulas proposed by Elstner 
and Hognestad [Eq. (3)] and by Whitney [Eq. (8)]. These formulas will yield 
sufficient accuracy for prestressed concrete slabs as well as reinforced concrete 
slabs provided a suitable method is used in calculating the ultimate flexural 
capacity. 

4. The ultimate shearing strength at the edge of the collar of a prestressed 
concrete lift slab similar to those included in this test program may also be 
predicted by the following empirical expression: 


Pinear 
bd fa’ 


P. 
= 0.175 — 0.0000242 f.’ + 0.000020 — 
8 


This expression is based on a limited amount of test data and additional tests 
are required to determine its general applicability. 

5. A steel collar cast flush with the slab will develop the full ultimate re- 
sisting moment at the perimeter of the collar. The amount of this moment 
developed will decrease as the collar is recessed and will be essentially zero 
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Fig. 14—Load-deflection curves for slabs in groups Ill-VI 
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when the collar has been recessed 0.5d, where d is the effective depth for the 
slab with unrecessed collar. 

6. Adequate provisions should be made in design so that ultimate flexural 
capacity will govern failure rather than ultimate shear capacity since a shear 
failure may be sudden and without warning. 
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Origin, Evolution, and Effects of 
the Air Void System in Concrete 


Part 4—The Air Void System in Job Concrete* 


By RICHARD C. MIELENZ,+ VLADIMIR E. WOLKODOFF,{ 
JAMES E. BACKSTROM,§ and RICHARD W. BURROWS** 


The air void system observed in concrete from engineering structures is comparable to that ob- 
served in concrete specimens prepared in the laboratory. The void system in non-air-entrained con- 
crete varies widely, the observed specific surface ranging from 107 to 1111 in! In air-entrained 
concrete, the observed specific surface ranges from 615 to 1600 in.-! and the spacing factor ranges 
from 0.0023 to 0.0081 in. The results of the examination indicate that a satisfactory air void system 
in job concrete is assured if the recommendations of ACI 613-54 are followed. 

Methods for microscopical measurement of the air void system in hardened concrete are described 


in an appendix to Part 4. 


This paper concludes a series of reports on studies conducted in the Engi- 
neering Laboratories of the Bureau of Reclamation to describe and explain 
the development of the air void system in concrete. The first three parts of 
this seriestt summarized the findings of laboratory tests and the conclusions 
developed from theoretical concepts. Part 4 presents data obtained by 
microscopical measurement of the parameters of the air void system in hard- 
ened concrete from structures and control cylinders from various projects. 
Included with Part 4 is an appendix describing microscopical methods for 
measuring the air void system in hardened concrete, with particular reference 
to the procedures employed in the study reported in this series of papers. 
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AIR VOID SYSTEM IN NON-AIR-ENTRAINED CONCRETE FROM STRUCTURES 


Sections of drilled core and irregular pieces of non-air-entrained concrete 
from 20 structures were available in the laboratories. Of the structures rep- 
resented 13 were dams, including several of major size, such as Hoover, 
Grand Coulee, Shasta, and Parker. Results of the microscopical analysis 
are presented in Table 1. 


TABLE 1—VOID SYSTEM IN NON-AIR-ENTRAINED CONCRETE FROM STRUCTURES 


Source Microscopically determined void parameters 
Average __ |Number of Spaci 
Part of structure Air cho Specific | voids in- pacing 
Structure represented content, | intercept, | surface, tercepted | factor, L, 
percent in. in.-! per in. in. 
La Prele Dam, Wyoming |Mass concrete 0.8 0.0049 816 1.64 0.0121 
Stewart Mountain Dam, 

Arizona Mass concrete 1.4 0.0315 127 0.45 0.0514 
Shasta Dam, California |Mass concrete 0.3 0.0036 1111 0.86 0.0113 
Black Canyon Dam, Idaho|Mass concrete 0.7 0.0091 440 0.78 0.0200 
Grand Coulee Dam, 

Washington Mass concrete 0.6 0.0127 315 0.46 0.0298 
Bonneville Dam, Oregon- 

Washington Mass concrete 2.9 0.0062 645 4.78 0.0091 
American Falls Dam, 

Idaho Mass concrete 1.5 0.0041 976 3.62 0.0087 
Wu Sheh Dam, Formosa 

(China) Mass concrete 3.1 0.0263 152 1.19 0.0357 
Grassy Lake Dam, 

Wyoming Mass concrete 1.3 0.0143 280 0.94 0.0284 
Rosa Dam, Washington /|Mass concrete 2 0.0090 444 1.22 0.0195 
Parker Dam, California- 

Arizona Mass concrete 0.3 0.0080 500 1.25 0.0251 
Buck Dam, Virginia Mass concrete 0.2 0.0050 800 0.40 0.0210 
All American Canal, : 

California Canal lining 1.6 0.0073 548 2.19 0.0139 
Tornillo Canal, Texas Canal lining 5.7 0.0100 400 5.67 0.0106 
Hoover Dam, Arizona- Spillway 0.9 0.0083 482 1.09 0.0193 

Nevada nderbed below terrazzo floor 

of monument 3.8 0.0162 247 2.33 0.0229 
Flume and wasteway, 

Owyhee “Sig ry Oregon| Lining 1.0 0.0087 460 1.10 0.0211 
Building, Ent Air Force 

Base, Colorado Springs, 

Colo. : Roof cornice 3.38 0.0090 444 3.74 0.0137 
Street pavement, Kimball, 

Neb, Pavement 3.7 0.0217 184 1.70 0.0299 
Parking apron, Casper, Pavement A 2,2 0.0375 107 0.59 0.0614 

vo. : B 1.9 0.0267 150 0.72 0.0468 
Residence, Wheatridge, 

Colo. Patio slab 3.7 0.0341 117 1.09 0.0469 

Average 2.0 0.0137 443 1.94 0.0247 


The parameters are highly variable from structure to structure. The range 
of the several parameters is as follows: 


Parameter Range 
Minimum Maximum Average 
Air content, percent by volume 0.2 5.7 1.9 
Specific surface a, in. 107 1111 443 
Spacing factor Z, in. 0.0087 0.0614 0.025 


The air content of non-air-entrained mass concrete in the dams in the United 
States for which data are available is indicated to range from 0.2 to 2.9 per- 
cent, the usual range being 0.3 to 1.5 percent. For other types of non-air- 
entrained concrete, the air content ranges from 1.0 to 5.7 percent. 
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TABLE 2—VOID SYSTEM IN AIR-ENTRAINED CONCRETE FROM STRUCTURES 
Source Microscopically determined void parameters 
Average Number of : 
Part of structure Air chord Specific | voids in- Spacing 
Structure represented content, | intercept, | surface, | tercepted | factor, L, 
percent in. in.-1 per in. in. 
Exterior 3.6 0.0044 909 8.18 0.0052 
Hungry Horse Dam, Mass \conerete Interior 5.6 0.0047 BBL 4101 0.0032 
ontana xterior 3.3 0.0046 870 7.18 0.0054 
Mass concrete) trterior 3.5 0.0053 755 6.61 0.0056 
Canyon Ferry Dam, MIRROR OTST Exterior 2.9 0.0049 816 5.92 0.0057 

Montana Interior 4.8 0.0057 702 8.42 0.0045 
Davis Dam, Nevada- 

Arizona, Mass concrete ood 0.0036 1111 8.61 0.0042 
Angostura Dam, South 

Dakota Mass concrete By A 0.0036 1111 10.33 0.0039 
Friant-Kern Canal, 

California Canal lining 4,2 0.0065 615 6.34 0.0081 
Poudre Supply Canal, 

Colorado Canal lining 10.6 0.0036 ub heh 29.05 0.0023 
Tecolote Tunnel, 

California Tunnel lining 5.0 0.0037 1081 13.23 0.0043 
Carlsbad Caverns Project, 

New Mexico Highway curb and gutter* 4.9 0.0044 909 11.07 0.0050 
South St. Vrain Project, 

Colorado Highway bridge footing* 5.3 0.0025 1600 21.22 0.0028 
Big Bend National Park 

Project, Texas Highway culvert* 2.1 0.0032 1250 6.83 0.0056 
Hugo Wild Horse Project, 

Colorado Highway pavementt 4.3 0.0043 930 9.99 0.0053 
Evans-LaSalle Project, 

Colorado Highway pavementt 4.7 0.0044 909 10.71 0.0052 
Denver-Broomfield Proj- 

ect, Colorado Highway pavement} 4.5 0.0033 1212 13 .63 0.0041 
Paonia North Project, 

Colorado Highway pavement} Ano) 0.0031 1290 13.87 0.0038 
Limon-Genoa Project, 

Colorado Highway pavement} 3.9 0.0035 1143 i eae 0.0045 
Breed Underpass, Breed, 

Colorado Highway underpasst 2.4 0.0036 1111 6.66 0.0058 
Building, Buffalo, N. Y.  |Structural member 5.6 0.0059 678 9.44 0.0065 
Railroad bridget Prestressed deck slab 3.5 0.0055 727 6.22 0.0075 

Average 4.4 0.0043 986 10.75 0.0049 


*Control cylinders compacted by hand rodding, 


Commerce. 


supplied by the Bureau of Public Roads, U. 


S. Department of 


+Control cylinders compacted by hand rodding, supplied by the Colorado Department of Highways. 


{Slab cast and prestressed at a plant in Denver, 


The range established for the specific surface came as some 
prise.. For several structures, a* is in the range above 800 in! Nevertheless, 
L is greater than is desirable for satisfactory resistance to 


in all instances, 


freezing and thawing. 


Colo. 


what of a sur- 
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Sections 


of drilled core and miscellaneous pieces of air-entrained concrete 


were available from ten structures, and control cylinders from several high- 


way projects 


Colorado Department of Highways. 
are summarized in Table 2. 
For mass concrete from several major dams, th 
2.9 to 5.6 percent; a ranges from 702 4o-111 Tani * 
For the other types of concrete re 


to 0.0057 in. 


“#As in previous parts of the series, A 
a = specific surface of voids; and L = computed s 


pacing factor. 
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presented by the samples, 


were kindly supplied by the Bureau of Public Roads and the - 
Results of the microscopical analysis 


e air content ranges from 


d L-ranges from 0.0032 


= yolume of voids, expressed as a fraction of the volume of the concrete; 
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the air content ranged from 2.1 to 10.6 percent; @ ranged from 615 to 1600 
in.-1; and L ranged from 0.0023 to 0.0081 in. 

The investigation demonstrates that the parameters of the air void system 
in air-entrained concrete in structures fall within the range characteristic 
of laboratory prepared air-entrained concrete. 
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Fig. 1—Probable void system in air-entrained concrete conforming with ACI 613-54 


To determine the spacing factor for a void system in a concrete from microscopically determined param- 
eters, select the calculated or estimated paste content on the ordinate of the lower diagram and follow 
horizontally to the proper air content or paste-air ratio of the concrete. Now move vertically to the upper 


diagram, which correlates the specific surface of the voids @ and the spacing factor L. If ahas been measured 


or is estimated, the value of L is indicated at the ordinate. Conversely, @ is indicated on the curves at any 
selected values of L and paste-air ratio. 
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It is instructive to examine ‘“‘Recommended Practice for Selecting Propor- 


tions for Concrete (ACI 613-54)’’2* in the light of these data. In Fig. 1, the 
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recommended average total air content for air-entrained concrete is superim- 

posed upon a graphical solution of Powers’ spacing factor formulae.! As 

may be seen in the lower diagram, this range of air content yields values of 

paste-air ratio from about 3.75 to about 6.00 for concrete containing aggre- 

gate whose maximum size is 4 in. to 6 in. Correlating this range with the 

empirically established, usual range of a, the usual range of spacing factor L 

is indicated in the upper diagram to be 0.004 to 0.008 in., a value consistent 

with that found by microscopical analysis of the specimens of job concrete » 
for which air entrainment was specified. 


In other words, the requirements of ACI 613-54 are such that they usually 
assure development of a void system adequate to protect the cement paste 
against failure in natural freezing and thawing. 


Air content of the finished concrete in excess of that recommended will 
assure lower (and hence more desirable) values of L, but possibly with un- 
necessary loss of strength of the concrete. In other words, referring to the 
upper part of Fig. 1, a locus representing a series of similar concretes containing 
progressively greater proportions of an air-entraining admixture would ex- 
tend to the left and steeply downward from the starting point. 


Air content in the finished concrete less than that recommended may or 
may not correlate with higher values of L. If the low air content arises be- 
cause of use of an inadequate proportion of air-entraining admixture or if 
the air-entraining admixture is inferior, L will be excessive. However, if a 
satisfactory air-entraining agent is used but the air content is reduced in- 
ordinately by the process of compaction, L will be adequate because the low 
value of A will be compensated by the high value of a. A data point repre- 
senting this concrete would move to the right and only slightly downward as 
vibration or tamping is increased in intensity and duration. 


CONCLUSIONS. 


1. The parameters of the air void system in air-entrained concrete in 
structures fall within the range characteristic of laboratory prepared air- 
entrained concrete. 

2. A-satisfactory entrained air void system in job concrete is assured if 
“Recommended Practice for Selecting Proportions for Concrete (ACI 613-- 
54)” is followed, provided the air-entraining admixture meets the require- 


- ments of ASTM C 260, “Specifications for Air-Entraining Admixtures for 


Concrete.” Under these conditions, the specific surface of the air void 
system may be expected to range from 600 to 1100 in.-! and the computed 


E “spacing factor from about 0.004 to 0.008 in. 


- ¥References are numbered consecutively beginning with Part 1 of this four-part series. 
+ASTM Book of Standards, Part 3, 1955, p. 1279. 
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3 Additional investigations of the void system in air-entrained concrete 
are needed to extend the data presented herein, especially to establish the 
variation in the parameters of the void system caused by normal variation 
of materials and conditions on the job, such as variation in proportions of 
aggregates, cement, water, and admixtures; source and grading of aggre- 
gates; source and shipment of cement, particularly air-entraining cements; 
ambient temperature; and workmanship, especially placing and finishing 
operations. 


APPENDIX—OPTICAL MEASUREMENT OF AIR VOIDS IN 
HARDENED CONCRETE 


By Richard C. Mielenz and V. E. Wolkodoff 


METHODS OF MEASUREMENT 


Optical measurement of the air void content and the dimensions and spacing of air voids in 
hardened concrete is accomplished by one of three general procedures, namely: (1) point 
count, (2) areal traverse, and (3) linear traverse. The data included in this series of reports 
on the void system in hardened concrete were obtained primarily by the linear traverse method. 
Several determinations were made by the areal traverse method. The point count method 
was not used in this study. . 


Point count method 


The point count method was developed for mineralogic analysis of rock**.*° but can be 
used to determine the air void content of concrete.**.*!:32| The method is as accurate as other 
microscopical methods of analysis, and the air content can be determined more rapidly than 
by the areal or linear traverse methods. The procedure involves examination of a finely 
ground surface or thin section under a microscope at regularly spaced points. For determi- 
nation of air void content of concrete, A = S,/Sr where A = volume of air expressed as a 
fraction of the volume of the concrete; S, = number of points falling within the section of an 
air void; and Sr = total number of points observed. 


One writer has used the point count method to considerable extent in evaluating the air 
void system of concrete. Both A and n (number of voids intercepted per inch of traverse) 
are determined experimentally. The device used is a specially constructed, manually-operated 
mechanical stage with total lateral movement of 5 in., a count being made at each rotation 
of the lead screw. A mechanical stop is engaged at completion of each turn. Points are spaced 
at 0.05 in. Lines of traverse usually are spaced 0.20 in. apart, although they can be set at any. 
desired interval. For most concrete 1000 counts are sufficient to yield an indicated air content 
within 0.5 percentile of a value obtained at by counting 2000 points. Typical results are as 
follows: 


Indicated air content, percent by volume, for given number of counts 
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The prime factors controlling the validity of the result are the perfection of the finished 
surface on the concrete specimen and the area of the concrete over which the traverse is made. 
The variations indicated in the above tabulation for each specimen are primarily the result of 
variation of the void system in the concrete. 


The point count method ordinarily does not yield data on the size or spacing of the voids, 
but by a simple supplement to the point count, the specific surface of the voids a and Powers’ 
spacing factor L! can be determined. If the number of voids intercepted by the line of traverse 
is recorded during the point count analysis, the number of voids per inch of traverse n can be 
computed. Since 


A=nl 


~! 
ll 


where J is the average chord intercept of the voids intersected by the line of traverse, a may 
be computed by Willis’ formula® 


Also, if the paste content of the concrete is known, the spacing factor L can be computed 
from Powers’ formulae.! The results so determined are the same as those established by the 
linear traverse method, within the limits of experimental error of the methods. Determination 
of n should be based upon a traverse of at least 100 in. for concrete containing 1 Y-in. maximum 
size aggregate. A shorter traverse will suffice for a uniform concrete containing aggregate of 
smaller maximum size. 


Areal traverse method 


The areal traverse method involves the measurement of the area occupied by sections of 
air voids on plane surfaces of concrete. The method was employed first by Verbeck,** who 
measured the area of the void sections in camera lucida drawings of the finely ground sur- 
faces. Photographs also may be used for this purpose.** Lord and Willis!® and Warren® 
accomplished areal traverses by counting and measuring the diameter of void sections within 
a known area on a plane ground surface of concrete, either by direct observation or by measure- 
ment on a photograph. The areal traverses reported in Parts 2 and 3 of the series of papers 
were made by direct microscopical measurement of void sections on finely ground surfaces, 
at least 1500 voids being counted for each specimen. 

Mathematical treatment of the data resulting from this procedure is developed by Lord and 
Willis.18 In this analysis, 


area occupied by void sections 
CO AA SA SEN Ee tees 


area of the surface traversed 


Linear traverse method 
The linear traverse method is based upon procedures described by Rosiwal in 1898. In the 
the length of traverse across all mineral grains of each species intercepted 
of lines on a plane surface, such as a thin section, is measured and the 
of each mineral in the rock is calculated by dividing the total traverse 
grains of the mineral by the length of the traverse as a whole. In a 
linear traverse analysis of hardened concrete to determine air content and the parameters of 
the void system, only the void sections are distinguished from the remainder of the concrete. 
For this analysis, A = nl, where n = number of voids traversed per unit of traverse and | = 


Rosiwal analysis, 
along a line or series 
proportion by volume 
distance across all the 


~*~ average void intercept or chord length on the line of traverse. 
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Lord and Willis!® have demonstrated that the void size distribution can be obtained from a 
modification of the Rosiwal analysis. In this procedure, the chord lengths are tabulated in 
narrow intervals of size, and from these data the probable distribution of true diameters and 
an average void diameter are calculated. Moreover, Philleo** has proved mathematically 
that the diameter of a void having the mean surface area of the void system or the diameter 
of a void having the mean volume of the voids in the system can be calculated even if only the 
fraction of the chord intercepts falling in the smallest size group is known, in addition to the 
data obtained routinely from the linear traverse. 

The linear traverse method developed for concrete by Brown and Pierson’ and treated 
mathematically by Powers,! Willis,’ and Lord and Willis!’ is the most generally applicable 
procedure for evaluating the air void system in concrete. The Bureau of Reclamation equip- 
ment is essentially a duplicate of the apparatus developed by the Missouri State Highway 
Department from information supplied by the Portland Cement Association (for an illustra- 
tion see Reference 37, Fig. A, page 124-2). The Missouri State Highway Department supplied 
working drawings; modifications were made in the drive mechanism and clutch design during 
development of our apparatus. 

The apparatus comprises a lathe driven by a 25-rpm reduction-gear motor. A special stage 
is mounted on the carriage block to hold a specimen of concrete for examination. The plane, 
finely ground surface of the concrete is viewed through a stationary stereoscopic microscope. 
One ocular is fitted with fine cross hairs so that the field of view is divided into four quadrants. 
Magnification is 30 to 54 diameters. Higher magnification can be obtained readily. For 
precise measurement of extremely minute voids, a petrographic microscope is used, measure- 
ments being made with a specially calibrated filar eyepiece. The carriage travels under the 
stereoscopic microscope when a clutch on the lead screw is engaged; translation of the car- . 
riage is indicated by a revolution counter geared to the lead screw. The stage is moved in- 
dependently of the block by a manually operated gear train. A second counter operated by 
the gear train of the stage records the linear distance traveled by the stage with respect to 
the carriage block. The entire carriage block can be moved in a direction at right angles to 
the lathe bed by turning the cross-feed screw. 


The concrete specimen is examined methodically along parallel equidistant traverses. 
These traverses are usually 14 to 34 in. apart, but the spacing varies with the maximum size 
of the particles in the aggregate and surface area available for analysis. To begin the linear 
traverse, the clutch is engaged, and all aggregate and cement paste is traversed until the 
periphery of a void becomes aligned with the intersection of the cross hairs of the microscope. 
The clutch is then disengaged. The chord length across the void on the line of traverse is 
measured by manually operating the mechanism which moves the stage with respect to the 
carriage block so as to shift the opposite edge of the void to the intersection of the cross hairs. 
The clutch is engaged again and the traverse is continued until another void section is en- 
countered on the line of traverse. The chord length is measured as before, and so on. Each 
void traversed by the intersection of the cross hairs is recorded on a counter so as to establish 
the total number of voids included in a determination. Thus, the linear traverse method in- 
dicates directly the total traverse length across the voids encountered, the total length of 
air-free concrete traversed, and the number of voids intersected. 

From these data, several parameters of the void system are computed. The number of 
voids encountered per unit length of traverse n and the average chord length of the voids H 
are computed readily from the empirical data, A and a are computed as previously indicated. 


PREPARATION OF GROUND SURFACES 


The apparatus permits analysis of specimens as long as 18 in., but the dimensions of a speci- 
men prepared for analysis are governed practically by the diameter of the grinding laps. The 
largest sample that can be prepared satisfactorily on a 12-in. diameter laps is about 6x5 


in. Taal a sample prepared for analysis may comprise several slabs to insure adequate 
sampling. 
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Fig. A-1—Change in indicated air void content of concrete with increasing length of 
linear traverse 


After sawing of the slabs with a diamond blade, a smooth plane surface is obtained by grind- 
ing consecutively with No. 100 (to remove saw marks), No. 220, and No. 280 or equivalent 
abrasives on a rotating cast-iron lap and then finishing the grinding on a grooved lap using 
No. FFF and then No. 3031 or equivalent abrasives until the finish is suitable for micro- 
scopical examination. It is extremely important that the surface be washed and lightly 
scrubbed with a soft brush after each operation to remove grit and loose particles of concrete. 


Very little difficulty was encountered in preparing surfaces of ordinary concrete that has 
been cured adequately. However, high air content, high water-cement ratio, lean mixes, and 
deterioration present problems in surface preparation. For example, at very high air content, 
the bubbles tend to coalesce, and the thin septa and ridges between the voids are easily lost 
during grinding. Void parameters determined on such a surface usually are only approxima- 
tions because numerous chord interceptions must be estimated. 


To minimize the difficulties of surface preparation, we have experimented with grinding 
procedures and with impregnation of the specimen to strengthen and support the near-surface 
concrete. Of all impregnating media tested, carnauba wax* is the most satisfactory. Briefly, 
the method is as follows: (1) heat the concrete specimen to 150 C; (2) melt the carnauba 
wax and brush on the surface of the hot concrete after it has been ground with coarse abrasives; 
(3) after the specimen has cooled nearly to room temperature, complete the grinding as out- 
lined above; and (4) after a satisfactory surface has been prepared, remove the wax by heating 
the specimen (ground side up) at 150 C for 10 to 24 hr. During this time in the oven, the wax 
impregnating the surface is drawn by capillarity into the interior of the specimen so that the 
voids remain as well defined sections. Especially soft and fragile specimens may require a 
repetition of the impregnation procedure before a satisfactory surface is obtained. 


ADEQUACY OF DATA 


Brown and Pierson!2 have shown that a linear traverse of 100 in. should suffice to determine 
air content of concrete with reasonable accuracy. In our experience, this length of traverse 
is adequate to establish the air content of concrete containing aggregate as coarse as 1\%-in. 


maximum size. The effect of the length of traverse on the indicated air content for three 


ra “*Carnauba wax is used as a base for commercial and household waxes and polishes. It usually can be obtained 
from manufacturers of these products or from chemical suppliers. 
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TABLE A-1—VOID PARAMETERS DETERMINED BY THREE OPERATORS ON THE 
SAME CONCRETE SPECIMENS* 

Microscopically determined void parameters 
, Average / sepia 
se epi | aloe Sam NE og ark SUP factor 
percent in. in.-} per in. L, in. 
Specimen 1 


*Length of traverse is approximately 50 in. 


vibrated specimens containing 34-in. maximum size aggregate is represented in Fig. A-1. 
The data show that the indicated air content changed very little after 100 in. of linear traverse 
were completed. For all three specimens, a was established adequately after a traverse of 50 
in. 

The length of traverse necessary to determine the air content with reasonable accuracy 
for concrete containing aggregate of 1}4-in. maximum size or larger is primarily one of judg- 
ment. Some difficulty is usually encountered with 6-in. maximum size aggregate, and traverses 
of 250 in. or more may be required to accommodate irregular distribution of the large particles 
of aggregate. If the concrete exhibits an unusual degree of segregation, the total length of 
traverse is increased considerably and is conducted on a larger total surface when possible. 


REPRODUCIBILITY 


The results of the linear traverse are adequately reproducible provided the operator is 
trained properly. Especial attention must be given to instruction on distinguishing air voids 
from depressions in the ground surface produced by plucking of grains of fine aggregate. 
Care must be taken also in determining whether or not a void is tangential to the index mark 
or cross hair in the ocular. Difficulty may be encountered in identifying voids or, especially, 
in determining the position of the periphery, when the voids are partially or completely filled 
by deposits of crystals or gel. 


Results obtained by three petrographers on the same specimens are summarized in Table 
A-1.. The specimens were selected to represent a considerable range of air content and average 
bubble size. Specimen 1 is non-air-entrained concrete whereas Specimens 2 and 3 are air- 
entrained. For the air-entrained concrete, the determined parameters vary as much as 9 
percent from the average, but the average deviation is only 2.3 percent. For the non-air- 
entrained concrete, the variation between operators is larger on the average, probably because 
of the sparse and erratic distribution of the voids. 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Bridges on German federal interre- 
gional highways (Briickenbauten an 
Bundesfernstrassen) 
W. Kuincensere, Der Bauingenieur (Berlin), V. 32, 
No. 7, July 1957, pp. 245-258 
Reviewed by Aron L. Minsky 
In Germany, construction and maintenance 
of interregional highways are legally the re- 
sponsibility of the federal government. 
Lengthy, well-illustrated article describes 
some of the many interesting bridges of 
major dimensions constructed on these high- 
ways in recent years. Structures are of all 
types but are grouped under two major head- 
ings: all steel with steel deck (protected by 
a wearing surface), and composite construc- 
tion. 


Construction Techniques 


Concrete on the west coast of Jutland. 


Part 1—Concrete technique 


G. M. Iporn, Progress Report B1, Committee on Alkali 
Reactions in Concrete, Danish National Institute of 
Building Research and the Academy of Technical 


Sciences, Copenhagen, 1958, 57 pp., 12 D.kr. (25 per- 


cent discount may be obtained by ordering full series) 
AurTHorR’s SUMMARY 

A survey of developments in concrete 
technique from about 1870 to 1952 used in 
the erection of numerous major structures of 
different types on the west coast of Jutland. 
Emphasis is given to the development in Den- 
mark of special types of cement with respect 
to sulfate resistance. Information is given on 
(1) conerete materials including mixing water, 
aggregates, and admixtures; (2) mix pro- 
portions and recorded properties of fresh con- 
crete; (3) different procedures of casting and 


curing. Some data on field testing of hardened 
concrete are presented. 


The concluding remarks are few since the 
scope of the paper has been to outline the 
historical development rather than to evalu- 
ate any of the phases of technique described 
or the execution of any of the projects men- 
tioned. 


Design 


Philosophy of structures 
Epvarpo Torrosa (English version by J. J. PoLiIvKa 
and Minos PotivKa), University of California Press, 
Berkeley, 1958, 366 pp., $12.50 

This book offers the reflections on struc- 
tural design of one of the world’s great en- 
gineers and architects—designer of the Esla 
railroad bridge, the famous Fronton Recole- 
tos in Madrid, and many other elegant rein- 
forced concrete structures. Systematic but 
non-mathematical, it discusses for both lay- 
men and professionals the basic concepts, 
strategies, and ideals of advanced structural 
design as practiced in the modern world. 
Stress patterns, the nature of materials, 
economy, and other factors in design are 
analyzed. Domes, arches, spectacular thin- 
shell concrete roofs, massive dams, arch and 
truss bridges, aqueducts, dry docks, halls, 
lift-slab buildings, “hung’’ roofs, and many 
other structures are considered. 


Functionalist in its emphasis, but without 
aridity, the volume will be thought-provoking 
for anyone seeking to understand the creative 
thinking that is transforming contemporary 
building techniques. The author concludes: 
“What is lacking is the popular education that. 
will awaken the interest of those who are not 
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engaged in this type of work. Also, there is 
need to stimulate in those who devote them- 
selves to construction an awareness that if 
their work were better appreciated by lay- 
men, it would be better for all, and especially 
for themselves.” 


Edge stresses in thin shells of revolu- 
tion 
W. H. Wirrricx, Report SM-253, Aeronautical Re- 
search Laboratory, Melbourne, June 1957, 31 pp. 
Apptiep Mecnuanics REVIEWS 
July 1958 (Pao) 
This paper reports on a method of satis- 
fying all the edge conditions by superimposing 
on the membrane stresses an additional stress 
system which is governed by the full shell 
equations. It is known that, if the shell is 
thin, these additional stresses decay rapidly 
as the distance from the edge increases. This 
fact is exploited to obtain an approximate 
solution of the full shell equations for the 
additional stress system. 


Static problem of concrete arch bridges 
(in Polish) 
A. Branpt, Inzynieria i Budownictwo (Warsaw) No. 
5, 1957, pp. 195-199 
Pouisno TrecunicaL AnsTRAcTs 
V. 29, No, 1, 1958 
An analysis of arch bridges erected and of 
test results obtained concerning arch systems. 
The static characteristics of such structures 
are given as resulting from the fundamental 
feature—that of the cooperation of the arches 
with the bridge floor girders and connecting 
elements. Basic assumptions concerning the 
different methods of analyzing arch systems 
are also included. 


Method of successive computation of 
internal forces acting in hyperboloidal 
water-cooling towers subject to wind 
pressure (in Polish) 
J. Lepwon, Inzynieria i Budownictwo (Warsaw), No. 
6, 1957, pp. 219-224 
Pouisn TecunicaL AnsTRActs 
V. 29, No. 1, 1958 

When computing internal forces acting in 
hyperboloidal water-cooling towers subject to 
wind pressure, load functions have been di- 
vided into three components. Since numerical 
computation of the components is laborious, 
the author advances a method of computing 
internal forces due to wind pressure, which 
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does not involve breaking functions into 
harmonic components. Starting with the 
state of equilibrium of an elementary seg- 
ment of a continually loaded symmetrical 
shell, the author obtains successive formulae 
for the internal forces. An analysis of the 
geometry of a single-shell hyperboloid is 
followed by a numerical example illustrating 
the application of the method discussed. 


Materials 


Insoluble residue determination in 
portland and portland-slag cements 
W. J. Hausreap and B. Cuarken, ASTM Bulletin, 
No. 229, Apr. 1958, pp. 60-65 

The ASTM method of analysis for insolu- 
ble residue in cement was found to give vari- 
able results depending upon the analyst’s 
interpretation of the specified conditions. 
The authors suggest modifications and clari- 
fications to increase the reproducibility of the 
test results. They compared the federal 


method with the ASTM procedure and ob- — 
tained different results for certain interpreta-— 


tions of the latter procedure. 


Pressures developed in cement pastes 
and mortars by the alkali-aggregate 
reaction 
R. G. Pixe, Bulleti: No. 171, Highway Research 
Board, 1958, pp. 34-36 

Measurements with a special pressure cell, 
using an SR-4 strain gage as the sensitive 
element, show that the alkali-aggregate reac- 
tion in cement pastes and mortars may de- 
velop pressures in excess of 2000 psi. 


Methods for rating concrete water- 
proofing materials 
Bulletin, No. 228, Apr. 1958, pp. 6772 YS 
In an attempt to develop reliable test 
methods for evaluating the effectiveness of 
concrete waterproofers, it was found that a 
combination of saturated and unsaturated 
permeability tests is necessary, the latter 
covering more than one humidity condition. 
The materials tested showed to no advantage 
in the saturated permeability test. However, 
this test may have some merit where filler-type 
or pozzolanic admixtures are used. The un- 
saturated permeability test appeared to make 
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clear distinction between certain types of 
waterproofings and could be related to cer- 
tain field situations. The capillary absorp- 
tion test gave a good indication of the over-all 
effectiveness of waterproofings in cases where 
concrete is subjected to short periods of con- 
tact with moisture, with intermediate drying 
intervals. 

The water repellent and bituminous ad- 
mixtures showed up favorably in all the tests 
except the saturated permeability test. The 
calcium chloride admixture showed no bene- 
ficial effects in this study, apparently because 
the cement used did not respond to the usual 
accelerating action of calcium chloride on 
hydration. 


The cement base paints provided varying 
degrees of benfit when painted on the side of 
the specimen subjected to wetting. The sili- 
cone application had a significant influence on 
moisture flow. 


Method for accelerated testing of port- 
land cements with regard to the de- 
velopment of their mechanical strength 
—report of the Swiss Institute of Mate- 
rial Testing and Research 

Schweizer Archiv fir angewandte Wissenschaft und 
Technik (Solothurn), V. 23, No. 3, 1957, pp. 65-70; 
No. 4, 1957, pp. 115-21; No. 5, 1957, pp. 146-56 

Crramic ABSTRACTS 
June 1958 (Hartenheim) 

The aim of this investigation was to find a 
method of hydro-thermal treatment of port- 
land cement giving results for compressive 
strength obtained in the autoclave that agree 
as closely as possible with the 28-day stand- 
ard compressive strength. The test should 
require > 48 hr. 

The equipment used and the results ob- 
tained in six laboratories with different 
samples for setting behavior, volume sta- 
bility, loss on ignition, content of free CaO 
and Ca(OH)», and fineness of particle are 
described in detail. The accelerated method 
has proved to be equiavlent to the 28-day 
standard test. 


Portland pozzolan cements 
Toyorusmmaru Yosuu and Kinpr Kaneko, Semento 


Wi , V. 4, 1950, pp. 53-58 
ee Nenpe a Crramic ABSTRACTS 


June 1958 (Suzukawa) 


The strength and permeability to air and 
-water of pozzolan-lime mortar were deter- 


mined; the floc test for durability was also 
made. No differences in the disappearance 
of alkalinity were observed between the 
mortar of portland pozzolan cement contain- 
ing diatomaceous earth and that of portland 
cement. The mortars were stored in air for 
more than 6 months after removal from the 
mold. 


Evaluation of the quick chemical test 
for alkali reactivity of concrete aggre- 
gate 

Ricuarp C. Misutenz and E. J. Benton, Bulletin 
No. 171, Highway Research Board, 1958, pp. 1-15 

The following factors were investigated: 
(1) presence in the aggregate of minerals 
effecting extraneous reduction of alkalinity, 
including dolomite, antigorite, and calcite; 
(2) effect of agitation during the reaction 
period; (3) preliminary acid treatment of 
samples to remove carbonates; (4) measure- 
ment of pH during titration to determine the 
reduction of alkalinity; (5)-modification of 
filtering procedures; and (6) variation in 
volume and concentration of the NaOH solu- 
tion. 

The findings do not justify modification of 
the test procedure at this time. However, it 
is recommended that a petrographic exami- 
nation of the aggregate be performed as a 
guide to evaluation of the results of the chemi- 
cal test. 


Some properties of portland pozzolan 
cements 
ToyorusimMaru Yosuit and Saigko Akatwa, Semento 
Gijutsu Nenpo, V. 4, 1950, pp. 59-64 
Ceramic ABSTRACTS 
June 1958 (Suzukawa) 
Mortar strength at 3 days to 5 years, sulfate 
resistance, and heat of hydration of portland 
pozzolan cements are reported. 


Miscellaneous observations on the 
alkali-aggregate reaction and the ionic 


charge on hydrated cement 
Rosrert G. Pree and Donatp Husparp, Bulletin 


No. 171, Highway Research Board, 1958, pp. 16-33 

It has been demonstrated by an interfero- 
metric technique that calcium hydroxide has 
an inhibiting effect on the alkali-aggregate 
reaction, and it has also been demonstrated 
that opal may be caused to swell in the ab- 
sence of any cement membrane. The fact 
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that aggregates are attacked more rapidly in 
a settling cement sludge than in the super- 
natant liquid has been explained by the 
higher pH values in the sludge. The magni- 
tude and polarity of the excess ionic charge 
on various portland cements has been deter- 
mined by a procedure which used the silver- 
ammonia-bromide complex as the indicator 
ion, and it appears that this ionic charge may 
be a contributing factor in the swelling and 
shrinking of hydrated cement. 


Thiokol latex as applied to shells of 
reinforced concrete silos for petroleum 
by-products (in Polish) 
A. SzureK and H. Owczarek, Przeglad Budowlany 
(Warsaw), No. 3, 1957, pp. 104-105 
PoutisH TECHNICAL ABSTRATS 
V. 29, No. 1, 1958 
Research has been carried on at the In- 
stitute of Building Technology over one of the 
polysulfide products—Thiokol A, in the form 
of latex. Experiments so far made have 
proved, among other things, that the quality 
of thiokol films and covers depends on the 
film-producing properties of latex, and that 
the vulcanization of latex contributes notably 
to improving the resistance of a thiokol film 
to chemicals. 


Pavements 


Model studies of prestressed rigid 
pavements for airfields 


Paut F. Carvron and Rura M. Breurmann, Bulletin 
eae Highway Research Board, May 1958, pp. 


Describes tests made on small prestressed 
gypsum cement slabs on an artificial sub- 
grade of natural rubber. Conclusions are 
that small scale models of prestressed rigid 
pavements can be used to advantage in 
analysis and design for prestressed pave- 
ments. 


Review of French and British proce- 
dures in the design of prestressed 
pavements 
Pp L. M , Bulleti y i 
ibe Mo Wie te hia os rae 
Reviews current practice in the design of 
prestressed pavements for roads and airports 
in France and Britain. Concludes that cur- 
rent design practice results in overdesign for 
load carrying capacity in order to control 
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deflection and furnish sufficient cover. Pro- 
vides other tentative conclusions for the 
guidance of future design in this field. 


Theoretical and practical aspects of 
prestressed concrete for highway 
pavements 
Tuomas CHouNnoxy, Bulletin No. 179, Highway Re- 
search Board, May 1958, pp. 13-31 

Discusses theory of prestressed concrete 
pavement design and test data from the ex- 
perimental slab at Patuxent by the Bureau of 
Yards and Docks, Department of the Navy. 


Precast Concrete 


Precast groins rebuild Florida’s “lost” 
beaches 

Concrete Products, V. 61, No. 6, June 1958, p. 30- 
31, 50 


Describes an easily handled, easily assem- 
bled precast unit developed to break up wave 
action and collect sand, preventing storm 
and wind damage on shore property. The 


system employs flat precast units pierced by 


7-in. hose which are joined by 6-in round 
posts. 


Prestressed Concrete 


Spinning molds form prestressed con- 
crete lamp standards 
R. IRonMAN, Concrete Products, V. 61, No. 6, June 
1958, pp. 26-28, 52 

Describes production methods used in 
Great Britain for spun concrete light poles. 
Includes pictures of various styles produced 
as well as detailed sections and a description 
of testing and production. 


Prestressed concrete 
P. B. Morice and E. H. Cootey, Pitman & Sons, Ltd., 
London, Ist Edition, 1958, 394 pp., 57s 6p 

Discusses structural analysis and design of 
prestressed concrete and current construction 
and production practice in Great Britain, A 
brief section is devoted to the history, dis- 
cussion of materials used, and development 
of theory. Separate chapters are then de- 
voted to simple beams, continuous beams 
and frames, tanks and pipes, bridges, and 
advanced theory. 

Other chapters include discussion of all 
important British systems, other European 
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systems covered in one chapter, pavements, 
and examples of both bridges and buildings. 
The book should be useful both as a text for 
undergraduate courses and as a reference 
source of information to practicing engineers 
unfamiliar with prestressed concrete. 


Experiments on fire-resistance of pre- 
stressed concrete elements subject to 
compression (in Polish) 
T. Kuvz, Inzynieria 1 Budownictwo (Warsaw), No. 9, 
1957, pp. 308-318 . 
PoutsH TECHNICAL ABSTRACTS 
V. 29, No. 1, 1958 
This paper discusses fire resistance tests 
made with small prestressed concrete ele- 
ments 25 cm long, as well as with test pieces 
and cylinder specimens. The tests embraced 
problems of the effect of temperature on com- 
pressive strength and on elasticity coefficients. 
A description of the experiments is given in 
detail, together with results and analysis. 
The elements were tested at temperatures up 
to 600 C, kept at this level for 4 hr, and sub- 
sequently they were cooled rapidly. The 
protective concrete layer was 10 mm thick. 
Prestressed concrete elements under com- 
pression behaved much better in fire condi- 
tions than similar elements of concrete not 
prestressed. 


Properties of Concrete 


Early shrinkage characteristics of 

hand-placed concrete 

B. W. Suacxiock, Magazine of Concrete Research 

(London), V. 10, No. 28, Mar. 1958, pp. 3-1 
AvTHOR’s SUMMARY 

The shrinkage characteristics of fresh con- 
crete from 10 to 15 min up to 2 or more days 
after mixing have been examined for a variety 
of mixes suitable for compaction by hand. 
The apparatus used for these tests, which is 
still in the prototype stage of design, is de- 
scribed briefly. 

Under drying conditions, apparent ex- 
pansion of the concrete, thought to be caused 
primarily by settlement of the specimen in 
the apparatus, occurs immediately after plac- 

~ ing up to a time between 114 and 41% hr after 
mixing; by this time the concrete has stiff- 
ened sufficiently not to flow. Shrinkage, 
varying between 1 X 10-* and 13 X 10-4, 
takes place during the next 6 to 8 hr; there is 


“then little further movement for a day or 
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more. Concrete kept under water shows a 
greater apparent expansion, and no early 
shrinkage. 

For mixes of approximately constant work- 
ability, amount of early shrinkage under dry- 
ing conditions appears to increase as richness 
of the mix increases (with corresponding 
changes in the water-cement ratio), and it 
also increases as the amount of bleeding 
within the concrete decreases. 


Studies on air-entrained concrete (in 
Japanese) 
Suineo Spx, Transactions, Japan Society of Civil 
Engineers, No. 50, Dec. 1957, 54 pp. 
Reviewed by Krrosui Oxapa 

Process of strength development of con- 
crete having larger or smaller water cement 
ratio is studied experimentally by measuring 
hydration heat and by microscopic observa- 
tion. Concrete of smaller water-cement ratio 
shows the tendency of developing further 
strength at ages later than 91 days. Author 
also suggests that durability of concrete is 
substantially dependent upon the ratio of 
the freezable water to air content in concrete, 
and that the durability factor decreases 
linearly with increasing freezable water-air 
ratio. 


Structural Research 


Study of failure test in reinforced 
concrete beams (Contributo allo studio 
di trave in cemento armato in fase 
anelastica ed e rottura) 
Uco Rossurtt, Giornale del Genio Civile (Rome), V. 
95, No. 10, Oct. 1957, pp. 783-797 
Reviewed by Joun I. PRELEZ 

The article gives a very complete analysis 
of testing beams with different reinforcement 
coefficients and different patterns of bar 
spacing in the beam. The reader can also 
find a few interesting diagrams of failure test 
limits comparing the different designs of 
reinforcing steel. 


Stresses in centrally loaded deep 


beams 

P. H. Kaar, Proceedings, Society for Experimental 

Stress Analysis, V. 15, No. 1, pp. 77-84; reprinted as 

Bulletin D18, Portland Cement Association, July 1958 
Outlines test procedures, results, and con- 

clusions of studies on the action of stresses in 
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centrally loaded deep beams. Tests were 
not experimental in nature but were an 
illustrative study of the gradual transition 
from a simple linear flexural relationship to 
the highly nonlinear stress state characteris- 
tic of very deep beams. Several conclusions 
regarding action of deep beams were reached 
as a result, viz., there is considerable tension 
above and compression below the neutral 
axis; neutral axis often shifts its position 
with dimensional and loading changes; rela- 
tive positions of loads and supports are of 
great importance; and stresses computed by 
ordinary flexure formulas are not accurate 
for these beams. 


General 


Impressive vibrations of towers and 
their elimination (Bemerkenswerte 
Schwingungen an Tiirmen und ihre 
Beseitigung) 
J. Grtarr, Der Bauingenieur (Berlin), V. 32, No. 7, 
July 1957, pp. 259-262 
Reviewed by Aron L. Mirsky 

Two examples are presented to illustrate 
value of policy of measuring, analyzing, and 
then prescribing, instead of arbitrarily 
strengthening. First example concerns a con- 
veyor tower, where torsion from the electric 
motor drives was found to be the culprit. 
Second example is a church steeple; here 
large vibrations occurred during ringing of 
the heavy bells. Mathematical analysis, com- 
plicated by the highly irregular cross section 
of the steeple, and method of cure are de- 
scribed in some detail. 


Proposed minimum standards for resi- 
dential pools 
National Swimming Pool Institute, Harvard, IIL, 
May 1958, 15 pp. 

Presents minimum requirements considered 
consistent with health, safety, and public 
welfare for construction and design of resi- 
dential swimming pools. The proposed 
standard is intended to assist regulatory 
agencies in developing new sanitary and build- 
ing codes, and in revising older codes to 
cover installation and use of residential 
swimming pools. Prescribes minimum safety 
equipment, dimensions for diving, sanitary 
equipment, and structural requirements. 
The structural requirements are very general 
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being largely performance requirements, and 
could be improved by reference to materials 
and design methods prescribed in existing 
codes or by establishing minimum safety 
factors. 


Design and application of a simple 


acoustic strain gage 
Civil Engineering and Public Works Review (London), 
V. 42, No. 618, Dec. 1967, pp. 1806-4870 LP 

eview y J. J. PotivKa 

Frequency of transverse vibration of a 
stretched wire is proportional to the square 
root of the tension in the wire, on which law 
acoustic strain gages are based. 

Author refers to various types of this very 
sensitive means of measuring strain; describes 
the design and operation of a simple inexpen- 
sive portable acoustic gage for measuring 
static strain by using the standard Maihak 
recording instrument, although any other 
recording instrument can easily be applied. 
Under normal conditions strains of the order 
2 X 10-® may be recorded. This gage is re- 


markably stable, and under normal condi- ° 


tions temperature variation has little effect 
on its precision. However, if subjected to 
rapid temperature fluctuation the gage must 
be properly shielded. ; 


Estimating construction costs 
R. L. Peurrroy, McGraw-Hill Book Co., Inc., New 
York, 2nd Edition, 1958, 446 pp., $10.75 

An estimator’s handbook suitable for use 
as a reference by construction engineers, de- 
sign engineers, contractors, and architects. 
Describes in detail various types of estimates 
and methods of preparation. Individual 
chapters deal with various construction mate- 
rials and many types of construction. Also 
includes coverage of workmen’s compensa- 
tion insurance, other insurance, and perform- 
ance bonds. Tables giving production rates, 
especially those applying to labor, have been 
revised in this edition to give ranges in pro- 
duction rates instead of fixed rates. 

New chapters or parts of chapters cover: 
additional equipment for and methods of drill- 
ing rock, stone masonry, frame residences, 
carpentry, interior trim and millwork, and 
glass and glazing. New material has been 
included on painting, lathing and plastering, 
roofing and sheet metal, plumbing, and elec- 
trical work. 
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This recommended practice provides information useful in minimizing 
detrimental effects of hot weather on concrete. Means are described for 
reducing concrete temperature by proper attention to ingredients; methods 
of production and delivery; and care in placement, protection, and curing. 
Information is given on the use of admixtures to reduce mixing water require- 
ments and to retard setting. Emphasis is given to the importance of metic- 
ulous attention to the use of standard procedures in testing concrete made 
in hot weather. 


INTRODUCTION 


Hot weather presents special problems in manufacture, placement, and 
curing of portland cement concrete. High temperatures result in more rapid 
hydration of cement, greater mixing water demand, increased evaporation 
of mixing water, reduced strengths, and larger volume changes. Effects 


*Title No. 55-34 is a part of copyrighted JouRNAL OF THE American Concrete Institute, V. 30, No. 5, Nov. 
1958 (Proceedings V. 55). Separate prints are available at 50 cents each. Discussion (copies in triplicate) should 
reach the Institute not later than Feb. 1. 1959. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. 


This report was submitted to letter ballot of the committee, which consists of 20 members, with 17 voting affirm- 
atively and 3 not voting. It is released by the Standards Committee for publication and discussion with a view 
to its consideration for adoption as an Institute Standard at the 55th Annual Convention, Los Angeles, Calif., 


Feb. 23-26, 1959. 
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of hot weather on concrete, in the absence of special precautions, may be 
summarized as follows: 

1. Setting is accelerated. High temperatures increase the rate of hardening of the 
concrete. The length of time within which the concrete is handled is more critical. 
Quick stiffening encourages undesirable retempering by addition of water, and it 
may also result in inadequate consolidation and cold joints. 


2. Strength is reduced. High temperatures of plastic concrete appear to affect the 
gel formation during the process of hydration of the cement so as to result in lower 
strengths. High temperatures increase mixing water demand. 


3. The tendency to crack, either before or after hardening, is increased. Plastic 
shrinkage cracks may form in the partially hardened conerete due to rapid evapo- 
ration of water. Cracks may be developed in hardened concrete either by increased 
drying shrinkage resulting from greater mixing water demand or by cooling of the 
concrete from its elevated initial temperature. 


4. Need of adequate curing is emphasized. The time at which protective measures 
are applied is more critical, due to the difficulty of retaining moisture for hydration 
and maintaining reasonably uniform temperature conditions. 


5. Control of air content in air-entrained concrete is more difficult. This adds 
to the difficulty of controlling slump. For a given amount of air-entraining agent, 
warm concrete will entrain less air than cool concrete. 


The problems of concreting in hot weather have been increased in recent 


years by a number of factors, including more finely ground and more rapidly 
hardening cements, handling of larger batches of concrete, use of thinner 
sections, and increased speeds in all construction operations. For the most 
part, such special attention as has been given to minimizing the difficulties 
resulting from high temperatures has been limited to mass construction. 
The emphasis has been on hot concrete rather than hot weather. This rec- 
ommended practice suggests procedures for reducing the hazards of hot 
weather in the more usual classes of construction such as buildings, bridges, 
highways, and miscellaneous structures. 


The harmful effects of hot weather on concrete may be minimized by a 
number of practical procedures. The degree to which their application is 
justified depends on circumstances and should be determined in the light of 
informed engineering judgment. 


One or more of the ingredients may be cooled to keep the temperature of 
the concrete from being excessive at time of placement. Cement content, 
because of heat of hydration, should be maintained at the minimum permitted 
by the work. Forms and reinforcing steel may be protected from direct 
rays of the sun and cooled by sprinkling. Suitable attention to scheduling 
of delivery and placement to avoid excessive mixing or delays contributing 
to stiffening will be beneficial. Concrete in place may be protected so as to 
minimize drying and absorption of heat. When excess water demand and too 
rapid stiffening are not prevented by reduced temperatures, protection, and 
other precautions, they may be compensated for by the use of suitable water- 
reducing retarders. 
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To accomplish the objectives outlined in the preceding, advance planning is 
necessary. Difficulties resulting from high temperatures, such as plastic shrink- 
age cracking, can only rarely be controlled by last minute improvisations. 
Damage from shrinkage and temperature cracks cannot be fully alleviated 
after cracks have formed. 


TEMPERATURE OF CONCRETE AS PLACED 


The optimum temperature of concrete at time of placement is lower than can 
generally be attained in hot weather. A temperature of 60 F, or even lower, 
would be desirable. A maximum of 90 F should be considered a reasonable and 
practicable upper limit. However, it is cautioned that difficulty may be en- 
countered with concrete at temperatures approaching 90 F and every effort 
should be made to maintain it at a lower temperature. 


The most direct approach to keeping concrete temperature down is by con- 
trolling the temperature of its ingredients.?>*7 The contribution of each 
ingredient to the temperature of concrete is a function of the temperature, 
specific heat, and quantity used of that ingredient. A fairly accurate estimate 
- _ of the temperature of fresh concrete can be calculated from established rela- 
- tionships which have been used for the most part in connection with winter 
concreting.* In warm weather, the actual temperature is likely to be slightly 
higher than the calculated temperature because the computations do not 
take into account heat of wetting and hydration of cement, nor that gener- 
ated by the mechanical work of mixing. Calculations based on the formula 
in the footnote, using specific heat of dry material of 0.20, show that, for 
concrete containing 6 sacks per cu yd of cement with a water-cement ratio 
of 0.5 by weight, the temperature will be changed approximately 1 F by any 
one of the following changes in temperature of ingredients: cement 9 BE; 
water 3.6 F; aggregate 1.6 F. 
From the preceding it will be seen that aggregates and mixing water exert 
the most pronounced effect on temperature of concrete. Thus, in hot weather 
it is essential to use all available means for maintaining these materials at 


as low temperatures as practicable. 
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Aggregates 

There are several procedures for lowering temperatures or at least pre- 
venting excessive heating of aggregates. Shading stockpiles from direct rays 
of the sun provides some benefit. Sprinkling stockpiles and keeping them — 
moist results in cooling by evaporation, this procedure being especially effective 
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when relative humidity is low. When aggregates are stockpiled during hot 
weather, it is desirable for successive layers to be sprinkled as the pile is built 
up. If cold water is available, heavy spraying of coarse aggregate immediately 
before use will have a direct cooling action. On some mass concrete work,** 
aggregates have been cooled by inundating them in artifically cooled water 
or forcing refrigerated air through the bins. 


Water 


Pound for pound, the mixing water has the greatest effect of any of the 
ingredients on temperature of concrete, since it has a specific heat about 
414 to 5 times that of cement or aggregate. It should not be overlooked, 
however, that it is used in smaller quantities than the other ingredients. 
Even so, use of cool mixing water is effective. Every effort should be made 
to use water from a cool source and to keep it cool by protecting pipes and 
tanks. 


Pipelines for conveying mixing water should be buried, insulated, shaded, 
or painted white. Water storage tanks should be treated in a similar manner. 
Tank cars or trucks used for transporting water should be insulated or painted 
white. 


Under certain circumstances, reduction in water temperature may be most 


economically accomplished by mechanical refrigeration or mixing with crushed 
ice.47 Use of ice as a part of the mixing water is highly effective in reducing 
concrete temperature since, on melting alone, it takes up heat at the rate of 
144 Btu per lb. Thus, if ice were used as 50 percent of the mixing water in 
the 6-sack concrete considered above, the melting of the ice alone would 
lower the concrete temperature approximately 20 F and the resulting water 
at 32 F would have an additional cooling effect near 7 to 8 F. To take ad- 
vantage of the heat of fusion, the ice must be incorporated directly into the 
concrete as part of the mixing water. Conditions must be such that the 
ice is completely melted by the time mixing is completed. 


Cement 


Hot cement* may result from grinding hot clinker or from heat generated 
mechanically during grinding. Since heat is lost slowly during storage, cement 
is often delivered at a relatively high temperature, particularly during periods 
of peak production or short supply when storage periods for both unground 
clinker and finished cement are likely to be short. Although, as already shown, 
changes in temperature of cement produce significantly less change in the 
temperature of fresh concrete than the other ingredients, it does exert an 


effect and, therefore, it is prudent to place a maximum limit on its temperature, 


as it enters the concrete. Cement preferably should not be used at tempera- 
tures in excess of about 170 F. Other than its contribution to raising the 
temperature of concrete, high temperature of cement, as such, appears to 
have no detrimental effects. 
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USE OF ADMIXTURES TO RETARD HARDENING 
AND REDUCE MIXING WATER 


Hydration of cement is accelerated by high temperatures. It seems prob- 
able that this acceleration is largely responsible for the increase in water 
requirement of concrete in hot weather. Certain water-reducing retarders 
may counteract the accelerating effect of high temperature and lessen the 
need for increase in mixing water. They are beneficial provided they do 
not interfere with strength development of the cement. 

Certain retarders have been found to delay setting time of concrete, reduce 
mixing water requirement, and increase strength.? Advantages of such 
effects in hot weather are obvious. Consideration should be given to the 
use of suitable water-reducing retarders during hot weather, when tempera- 
tures are such as to increase mixing water demand or reduce slump significantly. 
Under some conditions these effects begin to become apparent when weather 
is such as to raise concrete temperature as placed consistently above 75 F. 
However, no admixture should be used without competent technical advice 
or, when practicable, advance testing with the cement and other concreting 
materials involved.'° 

Accelerators should be used during hot weather only under careful super-_ 
vision. In conjunction with high temperatures and drying effects, they may 
cause the concrete to set too rapidly for satisfactory placement and finishing. 
Concrete made with high-early-strength cement will harden more rapidly 
than that made with other types and early initiation of protective measures 
is, therefore, all the more important. 


PRODUCTION AND DELIVERY 


_ Problems of production and delivery overlap those of materials. As already 
indicated, temperatures of aggregates, water, and cement should be maintained 
at the lowest practical levels so that the temperature of the concrete may be 
as low as is feasible. 

The ready-mixed concrete operation presents some special problems. If 
cement is hot, care must be taken in batching to prevent its being dampened 
by a small amount of water before it is well dispersed with the other materials. 
Otherwise it may set quickly and cause cement balls to form. 

During hot weather, care should be exercised to keep mixing at the mini- 
mum which will insure adequate quality. Elapsed time between mixing and 
placing should be minimized. When elapsed time and job conditions are 
such as to result in significant increases in mixing water demand or reduction 

in slump, truck mixing should be delayed until only time enough remains 
to accomplish it before the concrete is placed. Trucks should be dispatched 
so as to avoid delay and work should be organized to use the concrete promptly 


to prevent unnecessary additional mixing at the job site. Exposure of mixers 
should be minimized. Heat 


2 


reflecting colors on mixer drums may be of assistance. 
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PLACEMENT AND PROTECTION 


Difficulties from hot weather can be minimized by more rigid controls of 
placement and protection than are required at other times. In addition to 
controlling the temperature of the concrete as delivered to the work, much 
can be done with placement facilities and practices to keep temperatures 
low. Mixers, chutes, belts, pump lines, and forms should be shaded. Surfaces 
of such equipment as pump lines, if painted white, will absorb substantially 
less heat than when painted other colors. Aluminum painted surfaces, for 
example, may be 10 to 15 deg warmer in the hot sun than white, and black 
surfaces may be as much as 30 deg warmer. Covering surfaces with damp 
burlap, kept damp, provides low heat absorption and, also, cooling from 
evaporation. 


Forms, reinforcing, and subgrade should be sprinkled with cool water 
just prior to placement of concrete. Wetting down the area around the work 
will cool the surrounding air and increase its humidity, thus reducing tempera- 
ture rise and evaporation from the concrete. When temperature conditions 
are critical, improved results will be secured if concrete placement is restricted 
to the evening or night when temperatures are lower and evaporation is less. 


Placement and finishing 


Speed of placement and finishing helps to minimize hot weather difficulties. 


Delays contribute to slump loss and lead to use of additional mixing water 
to offset the reduction. Ample personnel should be available to handle and 
place concrete immediately on delivery. On flat work, all steps in finishing 
should be carried out promptly. Here again, adequate personnel, both as to 
number and skill, are important. Delays in finishing air-entrained concrete 
pavements in hot weather lead to formation of a rubbery surface which is 
impossible to finish without leaving ridges that impair the riding qualities 
of the pavement. 


Other modifications in usual placement practices may be indicated. Con- 
crete should be placed in layers thin enough and in areas small enough so that 
the time interval is reduced and vibration or other working of the concrete 
will insure complete union of adjacent portions. If cold joints tend to form, 
if surfaces set and dry too rapidly, or if plastic shrinkage cracks tend to 

appear, the concrete should be kept moist by means of fog sprays, wet burlap, 
cotton mats, or other means. Fog sprays, applied shortly after placement 
and before finishing, have been found to be particularly effective in prevent- 
ing plastic shrinkage cracks when other means have failed.. When these 
precautions are not sufficient, it may be desirable, as mentioned earlier, to 
supplement them by restricting work to the evening or night. If plastic 
shrinkage cracks do form, they can often be worked together during the 
finishing operation, although if only the surface is consolidated, relief is 
temporary and the cracks may open again later.'!:'? Suitable revibration,'* 
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as late as the concrete will still become plastic under vibration, will do much 


to prevent plastic shrinkage cracks or to eliminate those which have already 


formed. 


In summary, all placement procedures should be directed to keeping the 
concrete as cool as practical and assuring its setting and hardening under 
temperature conditions which are reasonably uniform and under moisture 
conditions which will minimize drying. Concrete, whether delivered by pump, 
truck mixer, or otherwise, should reach the forms at an acceptably low 
temperature and whatever is practicable should be done to minimize tempera- 
ture increases during placing, finishing, and curing operations. 


Protection and curing 

Since hot weather leads to rapid drying of concrete, protection and curing 
are far more critical than during cool weather. Consequently, particular 
attention should be paid to having all facilities ready for prompt initiation of 


~— curing. Exposed surfaces should be carefully protected from drying. — 


Wherever it is practicable, continuous water curing is to be preferred. Con- 
tinuity is important because volume changes due to alternations of wetting 
and drying promote the development of pattern cracking. Need for adequate 
continuous curing is greatest during the first few hours after placement. 

Reliance should not be placed on the protection afforded by forms for 
curing in hot weather. If practical, water should be applied to f ormed surfaces, 
while forms are still in place. Unformed surfaces should be kept moist by 
wet curing for at least 24 hr, and curing should be started as soon as the 
concrete has hardened sufficiently to withstand surface damage. Soil soaker 
hoses or spray nozzles should be provided to keep covering materials soaked. 
Steeply sloping and vertical formed surfaces should be kept completely and 
continuously moist prior to and during form removal by applying water to 
top surfaces so that it will pass down between the form and the concrete. 

On exposed unformed concrete surfaces such as pavement slabs, wind is 
an important factor in the drying rate of concrete.12 For example, other 
conditions being equal, a gentle wind of 10 mph will cause four or more times 
as much evaporation from a flat surface as still air. Wind breakers and 
covers have been used successfully not only to protect pavements or other 
flat surfaces from the sun but also to prevent wind from blowing over the 
surfaces prior to the initiation of curing. 

If moist curing is not continued beyond 24 hr, the surface, while still damp, 
should be covered with a suitable heat-reflecting plastic membrane or sprayed » 


with white-pigmented curing compound. The pigment not only reflects 
‘heat but simplifies checking the uniformity and extent of application of the 
‘compound. Need for adequate curing is greater during the first few days 


after placement. ; 
On hardened concrete and on flat surfaces in particular, curing water 
should not be much cooler than the concrete becausé of temperature-change 


Stresses which would be introduced, with resultant cracking. Where back- 
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filling is involved, it should be done as soon as safe and practicable. At the 
termination of curing with water, an effort should be made to reduce the rate 
of drying by avoiding air circulation. This can be accomplished by delay 
‘n removal of wet covers until they are dry. Closing tunnels, pipelines, tubes, 
and buildings reduces drying drafts. 


CONCRETE TESTING 


Accurate testing is always highly important. In hot weather, strict con- 
formance to standard test methods becomes especially critical. 

As discussed earlier, high temperature of concrete at early ages is detri- 
mental to strength independently of side effects of increased water require- 
ment.!:#418 In addition to the effects of heat, further damage may be. done 
to test specimens in hot weather by loss of moisture by evaporation. Due to 
their small size in relation to most parts of the structure, test specimens are 
likely to reach higher temperatures and dry more rapidly than the concrete 
in place, with corresponding increased detrimental effects. For these reasons, 
extra care is needed in hot weather to maintain temperature and moisture 
conditions for strength test specimens as required in standard test methods. 


Much that has been said concerning protection of concrete in the structure 


can be extended to apply to strength test specimens. Proper temperatures - 


can be maintained by avoiding exposure to the sun and by utilizing the 
cooling effect of evaporating water, either from damp burlap or wet sand 
covering the specimens. Merely covering the test specimen with a lid or 
plate is not sufficient in hot weather to prevent loss of moisture. Damp 
sand, wet burlap, or fog sprays will insure retention of water by specimens. 

Specimens used as the basis for acceptance of concrete as delivered to the 
structure must be transferred at the age of 1 day to a location (usually the 
laboratory) where they will receive continuous standard moist curing until 
test. This requirement, as in the case of provision for early protection, is of 
particular importance in hot weather because of the great damage to strength 
which results from high temperatures and drying. 

Specimens cured on the job should never be substituted for laboratory- 
cured specimens as a check of the proportioning and mixing of the concrete. 
Results of tests of job-cured specimens, properly interpreted, may be used 
to yield information helpful in judging when to strip forms, put the structure 
in service, etc. The committee recognizes that better test procedures than are 
now available are needed to make an accurate determination of the quality 
of concrete as placed in the structure. 


TEMPERATURE RECORDS 


During hot weather, inspectors should record at frequent intervals air 
temperature, general weather condition (calm, windy, clear, cloudy), and 
relative humidity. The record should include checks on temperature of 
concrete as delivered and after placing in the forms. Data should be corre- 
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lated with the progress of work so that conditions surrounding the construc- 
tion of any part of the structure can be ascertained. A copy of the weather 
data should be included in the permanent records of the job. 


SUMMARY 


Hot weather may adversely affect concrete by causing increased water 
demand, reduced strength, and excessive volume changes which result in 
cracking. The effects result from high concrete temperatures and rapid 
evaporation of water from the concrete. The difficulties can generally be 
minimized by 

1. Lowering concrete temperatures by using cool ingredients, eliminating excessive 
mixing, preventing exposure of mixers and conveyances to direct sunlight, and using 
reflective paint on mixers and conveyances. 

2. Preventing too rapid stiffening and keeping mixing water requirements low by 
eliminating delays or excessive mixing, and by judicious use of proved water-reducing 
retarders. 

3. Proper protection and curing of both the structure and strength test specimens 
to prevent high temperatures or evaporation of water during hardening and critical 
strength development periods. 


Specific methods for the accomplishment of these objectives have been 
outlined in this recommended practice. Additional information can be 
secured from the references in the appended list. 
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Discussion of this paper should reach ACI headquarters in tripli- 
cate by Feb. 1, 1959, for publication in the June 1959 JOURNAL. 
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- An outline of practices which have generally been found desirable for first class 
results in measuring, mixing, and placing concrete. Although many of these recom- 
mendations are applicable and should be used in connection with special types of 
concrete, i.e., lightweight, prepacked, etc., it is conventional concrete to which they 
specifically apply. Presents a comparatively high standard of practice rather than 
common practices; therefore recommendations are made on a “should’’ basis leav- 
ing to the user the responsibility of putting them on a “shall’’ basis in specifications 
for his work to the extent he considers worthwhile. 


I. INTRODUCTION 


This recommendation has been prepared as an outline of practices which 
have generally been found desirable for first class results in measuring and 
mixing ingredients for concrete and when placing it in the work. Although © 


many of these recommendations are applicable and should be used in connec- 
¢ concrete such as lightweight, prepacked, porous, 


*Title No. 55-35 is a part of copyrighted JOURNAL OF THE AMERICAN Concrete Institute, V. 30,, No. 5, Nov. 
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vacuum, precast, prestressed, and poststressed concrete, shotcrete and mortar, 
it is not in the scope of these recommendations to include all practices which 
should be followed for such special types of concrete. 

In making these recommendations, the committee has been guided by the 
belief that progress in improvement of concrete construction practices will be 
better served by endorsing a comparatively high standard of practice rather 
than “common practices.” Because some may consider something less than 
these relatively high standards sufficient for their purpose, this recommended 
practice is presented on a “should” basis. It will be the responsibility of the 
user to put it on a “shall” basis in specifications for his work, to the extent 
he considers worthwhile, and to see that specified results are obtained through 
good inspection. ACI Committee 614 has no evidence that operations re- 
sulting in good concrete cannot in general be performed as economically as 
those often productive of poor concrete. Nor will the methods here rec- 
ommended result in unjustifiably higher costs than methods productive of 
inferior concrete. Many of the practices recommended are included primarily 
to improve concrete uniformity. Where the methods described have been 
carried out properly, the effort and investment have usually been rewarded 
by concrete of higher quality, a smoother operation, and higher production 
rates, all factors which tend to offset any additional cost. 

It has been assumed that anyone giving serious consideration to employing ~ 
these recommendations will have some knowledge of the ordinary practices 
and preparations required for good concrete work. For this reason, many 
routine instructions for measuring, mixing, and placing concrete are omitted, 
particularly since they have been well covered in the ACI Manual of Concrete 
Inspection.1 Since the main objective of this recommendation is maximum 
uniformity, homogeneity, and quality of concrete in place, special considera- 
tion is given to practices which have been found to contribute most to this end. 
To portray more clearly certain of the principles involved in these practices, 
five figures illustrating examples of good and bad practice are included as a 
part of these recommendations. 

For further discussion of measurement, mixing, and placing, the reader is 
referred to the bibliography. Attention is called particularly to References 
1, 2, 3, and 4. ACI Committee 614 is, in general, in accord with the recom- 
mendations of the references, although a few exceptions in detail or in em- 
phasis may be noted. 


Il. AGGREGATES 


1. Fine and coarse aggregate must be uniform in grading and moisture 
content on arrival at batch weighing equipment if uniform concrete is to be 
attained. Unless such aggregate is assured, as batched, through appropriate 
specifications and effective inspection of selection, preparation, and handling 
of aggregates, production of uniform concrete is extremely difficult, and to a 
large degree unlikely, despite a high order of accuracy in measuring and 
superior performance in mixing and placing. Consequently, the committee 
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considers this brief statement on aggregate requirements an essential part of 
these recommendations. 


2. Segregation in coarse aggregate is reduced to the practical minimum by 
separating the material into several size fractions and batching these frac- 
tions separately. As the range of sizes in each fraction is decreased and the 
number of size separations is increased, segregation is further reduced in each 
size. It is not necessary that the ratio of maximum to minimum size for 
each size separation of coarse aggregate be the same for all sizes. However, 
worthwhile control of segregation in all sizes, and control of the amount of 
pea gravel in the mix, are obtained when this ratio is held to not more than 
8 for sizes smaller than 1 in. and to 2 for larger sizes. Examples would be 


No. 4—}% in., 4-1 in., 1-2 in., 2-4 in., or 
No. 4—% in., 4-114 in., 114-24 in., 214-5 in., or 
No. 4—3% in., 34-34 in. (or 14-34), 34-11% in., 114-3 in., 3-6 in. 


g 3. (a) It is essential for effective control that handling operations (Fig. 1) 
; be such that variations in undersize material outside each designated size, 
be held to a practical minimum. Undersize smaller than about 4/5 to 5/6 
the designated minimum size of an aggregate is significant in distributing 
~_ concrete uniformity and slump control,® particularly when the designated 
3 minimum size is smaller than 1 in. Moreover, it is the varying content of this 
“sionificant”’ undersize in aggregate as batched, that it is important to control, 
if uniform and efficient concrete mixes are to be obtained. Due to segrega- 
tion, breakage, and contamination during handling, particularly if aggre- 
gates go through cars or stockpiles or both, it is practically impossible to 
control undersize uniformly within close limits when such aggregate is batched. 


x (b) For reasons cited in Section II(3)a, unless coarse aggregate is placed 
aa jn batch plant bins directly from screening operations, finish screening at the 
batching plant is recommended as the method most likely to provide aggre- 
gate with undersize in excess of close limits removed at the last possible point 
before use (Reference 4, p. 177 and Fig. 76). Some prominent agencies have 


PER 


E required finish screening for many years on projects ranging in size from a 
B: few thousand to several million cubic yards; some contractors have chosen to 
a finish screen when it was not specified; in each case results were beneficial. 

Eb (c) With properly operated vibrating finish screens, it is quite practical 
to keep significant undersize smaller than 1 in., within 2 percent in batched 
4 aggregate. Due to tendencies to overfeed screens, horizontally operating 
4 _ vibrating screens have been found the most consistent and reliable for finish - 
4 screening. Three percent is a practical limit for significant undersize smaller 
m---— than | in. on small jobs where only a stationary sloping finish screen with 
4 slotted openings can be used economically. Generally the screens operate 


pass | 


most effectively when mounted over the batch plant bins: Where an exist- 
ing plant is not structurally suited to this arrangement, the finish screening 
 _equipment may be installed adjacent to the batching plant, either at ground 
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INCORRECT METHODS OF STOCKPILING AGGREGATES 
CAUSE SEGREGATION AND BREAKAGE 


PREFERABLE OBJECTIONABLE 
Crane or other means of placing material Methods which permit the aggregate 
in pile in units not larger than a truck to roll down the slope as it is added 
load which remain where placed and to the pile, or permit haulin equipment 
do not run down slopes. to operate over the same level 


repeatedly. 


LIMITED ACCEPTABILITY—-GENERALLY OBJECTIONABLE 


Pile built radially in horizontal layers by Bulldozer stacking progressive layers on 
bulldozer working from materials os slope not flatter than 3:1. Unless materials 
fare’ from conveyor belt. A rock strongly resist breakage, these methods ore 
ladder may be needed in this setup. also objectionable. 
STOCKPILING OF COARSE AGGREGATE WHEN PERMITTED 3 


(STOCKPILED AGGREGATE SHOULD BE FINISH SCREENED AT BATCH PLANT, 
WHEN THIS IS DONE NO RESTRICTIONS ON STOCKPILING ARE REQUIRED) 


‘ a Uniform 
1 ist {about 
Ia | center 


Z CORRECT 

Chimney surrounding material falling 
from end of conveyor belt to prevent 
wind from separating fine and coarse 
materials. Openings provided os 
required to discharge materials at 
vorious elevations on the pile. 


Seporation 


i. 
ie" % , id 
>. INCORRECT When stockpiling large sized oggregates 
26 Free fall of material from high end from elevated conveyors, breakage is 
Ris of stacker permitting wind to minimized by use of a rock ladder 
bey a: _ separate fine from coarse material. 
a i: UNFINISHED OR FINE AGGREGATE STORAGE FINISHED AGGREGATE STORAGE 
“Sala (DRY MATERIALS) 

La ‘ t- 


Fig. 1—Correct and incorrect handling of aggregates 
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level or above the bins. In any case, the screened material should be conveyed 
directly to the proper bin. 

(d) It is emphasized that requirement of these finish screening methods 
provides good assurance in advance that it will be possible to control objection-. 
able undersize to 2 or 3 percent, generally, regardless of what aggregate situa- 
tion may develop. But the main thing is the result, and if it can be assured 

: by other means, there is no objection to them. Even with finish screening 
; at the batching plant, it may be worthwhile in some cases to follow good 
practice in handling and stockpiling coarse aggregate. 

(e) Where the batching demand for various sizes of coarse aggregate is 

4 fairly certain or regular, gradings are not disrupted seriously by reclaimed 
-_ yundersize from larger aggregate, if, with sufficient screen capacity, some of 
all sizes are finish screened together in varying proportions as necessary to 
a keep all sizes at proper levels in the bins, or short runs are made of each size 
x in sequence. In this operation, undersize in the sand range should be wasted, 
=m and it is sometimes worthwhile to waste pea gravel undersize. Where the 

batching demand for various sizes of coarse aggregate is likely to be highly 
| - variable, as in many commercial plants, it will usually be necessary to finish 
-_ screen each aggregate size individually to maintain balanced levels in the bins. 
With this type of individual finish screening, all undersize should be wasted. 
Coarse aggregate can be rewashed, if necessary, during finish screening. The 
water remaining on the material will not affect uniformity appreciably, 
unless batching is quite intermittent. In this case, the lesser of the two evils 
must be selected. 

4. Without finish screening, stockpiling of coarse aggregate should be kept 
to a minimum. When stockpiles are necessary without finish screening, they 
should be built up in horizontal or gently sloping layers, not by end dumping 
(Fig. 1). Trucks and bulldozers should be kept off the piles; aside from 
breakage, such treatment may impair the cleanness of aggregate. A hard 
base should be provided to prevent contamination from underlying material 
in storage areas in continual use. Overlap of different material should be 
prevented with suitable walls or an ample distance between the storage 
piles. Cranes should be operated so as to avoid swinging buckets of one 
aggregate over another. Stockpiles of coarse ageregate, even under ideal 
conditions, tend to accumulate excessive fines which can be removed only 
by thorough rinsing and finish screening at the batch plant. 


uld have the smallest practicable equal horizontal 


5. Storage bins sho ! 
dimensions; round bins are preferable. To avoid accumulation of fines in 


dead storage areas, bottoms of bins should slope at an angle not less than 50° 

deg from the horizontal toward a center outlet. Bins should be filled by 

- material falling vertically, directly over the outlet (Fig. 1).. They should be 

kept as full as practicable at all times to avoid breakage and to minimize 
changes in grading as the material is drawn down. 

6. Production or purchase of sand should be controlled to minimize varia- 

_tions in grading. Variation in fineness modulus of ‘well graded sand should 
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be kept within a range of 0.20. In particular, the percentages of the finer 
sizes should be kept uniform and care should be exercised to avoid removal 
of fines essential to good grading and workability during washing operations. 
Well graded sand to produce plastic, workable concrete should have 15 to 20 
percent finer than the No. 50 screen, of which not more than one-third should 
pass the No. 100 screen. Lean mixes are benefited by larger amounts of 
these fine sizes, while rich mixes are improved with smaller amounts of them. 

7. No attempt should be made to blend two sizes of sand, by placing alter- 
nate amounts in stockpiles, in cars, or in trucks as loaded, or by other equally 
crude methods. Satisfactory results are obtainable where the fine aggregate 
is processed by blending the different sizes of sand as they flow into a common 
stream from regulating gates or feeders. This method can, however, produce 
very irregular results if adequate equipment and constant supervision and 
inspection are not employed. Separate batching of fine and coarse sand is 
preferable to any other method of blending, since it can produce consistently 
uniform results under the wide range of common plant and job conditions. 

8. Varying amounts of water in aggregates contribute heavily to lack of 
uniformity in concrete consistency. Effort must be made to insure a uni- 
form and stable moisture content in aggregate as batched. For this reason, 
aggregate with low absorption, from dry deposits, may preferably be pre- 


pared and handled dry when washing is unnecessary. Wind should not be ~ 


permitted to separate dry sand (Fig. 1), and a %-in. maximum size may be 
required to prevent segregation of dry sand in piles and bins. Wet aggregate 
should be drained or mechanically filtered so that, as batched, it will have a 
moisture content that is reasonably uniform, and will be unaffected by in- 
terruptions requiring it to stand for several hours in the batch plant bin. 
This is particularly necessary for sand and small sized coarse aggregate. 
Stockpile drainage may take 48 hr or more to reduce moisture in sand to a 
uniform and stable amount. The time required depends on the grading and 
particle shape of the sand. Mechanical equipment for filtering unstable 
moisture from sand apparently is becoming available, and its use should be 
investigated and encouraged. Tests indicate that moisture up to at least 
6 percent and possibly 7 or 8 percent will be adequately stable in concrete 
sand, depending on batching schedules and sand grading. 


9. Much of the variability in promptly delivered ready-mixed concrete 
is the direct result of many unpredictable changes in source, character, grad- 
ing, and moisture content of the aggregate supply. Precautions recom- 
mended in these paragraphs concerning aggregates apply to all concrete pro- 
duction, but are particularly applicable to ready-mixed concrete operations. 
Finish screening at the batching plant will eliminate in one operation the 
principal difficulties with coarse aggregate: stockpile segregation and con- 
tamination, careless loading to and from stockpiles, and variable overlap of 
aggregate sizes. Insistence on moisture in sand being less than a proved 
practical limit of stability, and use of moisture meters to indicate variations 
of moisture in sand as batched, will remove most of the remaining sources of 
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variation. The use of aggregates from sources of proved inherent quality, 
together with these provisions for assuring uniformity as batched, will result 
in a rapidly diminishing demand for costly isolation and separate use of 
pretested materials. 

10. Samples representing the various sizes of aggregates as batched should 
be secured through facilities provided for that purpose at the batching plant, 
and sampling and testing should be scheduled as necessary to assure and 
confirm uniformity. 


lil. MEASUREMENT 
General requirement 

1. For reasons mentioned in Section II(1), materials should be handled, 
and measuring operations should be performed, in such a manner that satis- 
factory reproducibility of the selected batch assembly and aggregate grading 
is obtained in each batch, batch after batch. Batching equipment should be 
capable of performing accurate measurement. The objective is uniformity and 
homogeneity of the concrete produced. When aggregate is uniform, uniformity 
of batching is indicated by uniformity of unit weight, and strength tests from 
different batches supposedly the same. Moreover, for most uniform results, 
the mix should be proportioned from workable average gradings of aggregates 
in use, not from a single test. 

2. Modern specifications issued by state and federal agencies contain de- 
tailed requirements for manual and automatic weigh batching equipment for 
cement and aggregates. The present equipment on the market, when in good 
mechanical condition, will ordinarily operate within the approved tolerance 
in weighing ability. Most recommended tolerances will not exceed 1 percent 
for cement and water, and 2 percent for each aggregate, or 1 percent for 
aggregates weighed cumulatively. Operation should be required within 1 
percent accuracy for cement and 2 percent accuracy for aggregate, especially 
with automatic equipment. Cement consumption through automatic equip- 
ment should not vary more than 14 percent from the amount intended. Batch- 
ing equipment should be insulated from plant vibration. If vibration from 
finish screening or mixing proves objectionable, weighing equipment should 
be supported independently. With good inspection and capable plant op- 
erators on the job, new equipment need not necessarily be required. 


Batching aggregate 

3. Factors affecting choice of proper weigh batching equipment are: (1) 
size of job, (2) rate of production, and (3) standards of batching performance. 
Available equipment falls into three general categories: manual, cumulative 


-(semi-) automatic, and individual (full) automatic. Bins for aggregate in all 


types of batch plants should be sufficiently large, and so shaped, that different 
materials will remain apart and be handled in accordance with Fig. 2. _Pre- 
cautions previously recommended in Section II for keéping aggregate uniform — 


should be followed prior to batching, in all types of batch plants. All weigh 
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batchers should be arranged to permit ready access for obtaining good repre- 
sentative samples of the aggregate as batched. Short conveyor belts, some- 
times used to carry aggregate to and from individual batchers, provide an 
excellent facility from which to obtain representative samples of the aggregate 
as batched. 

4. Manual batching—Manual batching includes wheelbarrow and platform 
scale setups which may be satisfactory and economical for jobs using less 
than about 1000 cu yd of concrete. As the size of the job increases, the cost 
of such hand batching soon justifies a manual weigh-batching installation. 
With this equipment, aggregate sizes are usually weighed cumulatively, and 
all operations are manual, including opening and closing of all bin and hopper 
gates. Manual plants may be acceptable for jobs up to about 5000 cu yd 
depending on job requirements. For jobs up to this size, coarse aggregate 
from stockpiles should be finish screened at least on sloping stationary screens 
to remove excess dirt and small undersize, limiting significant undersize to 
not more than 3 percent. If the material is damp, slotted openings in such 
screens are more effective. 

5. Cumulative automatic batching—Cumulative automatic aggregate batch- 
ing equipment automatically closes power-operated gates supplying a cumu- 
lative weigh batcher. Setting of batch weights, release of the weighed batch 
to the mixer, and push button starting of each automatic weighing cycle are ; 
manual. This plant provides greater accuracy and greater speed for a higher 
production schedule than manual batching. Graphic recorders of batching 
operations can be used with this equipment and should be required when 
good plant records are desired. The cumulative automatic plant should be 
required on jobs ranging in size from 5000 up to 30,000 or even 100,000 cu yd, 
depending on the rate and period of production, and, with recorders, in ready- 
mixed concrete plants producing 30,000 cu yd or more per year. For jobs of 
this size, including ready-mixed concrete plants, coarse aggregate should be 
finish screened over the batching plant on horizontally operating vibrating 
screens and should pass directly to the batch plant bins. For exceptions and 
discussion see Section II(3). 

6. Individual automatic batching—Individual automatic aggregate batching 
provides a separate scale and batcher for each size of aggregate and cement; 
push button selection of the mix desired from a number of preset proportions; | 
automatic batching that can be started automatically or manually as de- 
sired as soon as the individual batchers are discharged, and not before; si- 
multaneous batching of all ingredients which saves time; batcher discharge 
gates that close as soon as batchers are empty, and not before; and automatic 
recording of all aspects of the batching operation including quantities of ag- 
gregates, cement, water, and admixtures, and a continuous record of batch- 
to-batch consistency. Such plants provide the maximum in speed with best 


available uniformity. They are usually used to batch mass concrete for large 


dams and other heavy construction and should be used for other jobs requiring 
more than 100,000 cu yd, and for ready-mixed concrete plants producing more 
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than 100,000 cu yd of concrete per year. For jobs of this size, including the 
ready-mixed concrete plants, coarse aggregate should be finish screened 
over the batching plant on horizontally operating vibrating screens and pass 
directly to the batch plant bins. For exceptions and discussion see Section II(8). 

7. Weigh batchers should be charged from easy operating clamshell or 
undercut radial type bin gates. Power operated bin gates are used with 
automatic batchers and may be used with manually operated batchers. Gates 
charging automatic batchers should be arranged to operate with a suitable 
“dribble” to add small increments after closely approaching the quantity 
desired in the batcher, unless other devices of proved ability to meet require- 
ments for accuracy are provided. 


Batching cement 

8. Sacked cement for jobs batched manually should be measured in units 
of not less than 1 sack, unless the fractional bags are weighed. Cement for 
larger jobs should be handled in bulk and weighed for each batch with auto- 
matic equipment. Bulk cement should not be weighed manually. Cement 
should not be weighed with the aggregate; separate automatic weigh batching 
should be provided. All batchers should provide free access for testing and 
inspection to see that they discharge quickly and completely, and be equipped 
to permit removal of a sample at any time. Circular bins and batchers are 
preferable; at least they should have smooth metal sides with rounded corners. 
Cement batchers should be equipped with a vibrator to aid in securing com- 
plete discharge of the batch, and should be arranged so that the loading cycle 
cannot start again as long as cement remains in the batcher. Dry, low pres- 
sure (3-5 psi) air should be introduced in large volume through air pads to 
loosen cement which has settled tightly in storage bins. Controlled screw 
conveyors, rotary vane feeder units, or other effective devices that will permit 
a precise cutoff by the automatic control, should be used to charge cement 
weighing equipment. 

9. Bulk cement storage should include a receiving bin for each type of 
cement in use on the job or in demand from a ready-mixed concrete plant. 
Each should have a separate conveyance to the cement weighing equipment 
or to a small supply bin for that equipment. Considerable care must be 
exercised to avoid putting cement into bins other than the one assigned to. 
that brand or type. . 

10. If a pozzolanic or a secondary cementitious material is used, the fore- 
going recommendations for batching cement should be followed for handling, 
storing, and batching the additional material. Such material should be 
batched separately if not used from sacks, and separate screws and elevators 
for handling it should be used to insure that it is put only into the bin assigned 
to it. If either cement or added material creates a dust nuisance in the plant, 
effective means are available and should be employed to correct it. 

11. Loss should be prevented whenever bulk cement is transferred. Free 
fall of cement from batchers should never be permitted. When loading the 
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separate container for cement which should be provided in portable batch 
compartments, loss may be minimized by enclosing the discharging cement 
in a narrow canvas boot of such length that its end may be quickly buried in 
the discharged cement (Fig. 2). The boot may thus serve as a tremie, or to 


control the flow by kinking or doubling back the boot at the lower end. The 


boot may then be lifted, emptied, and transferred to the next compartment. - 


A telescopic rubber hose drop-chute from the cement batcher is also available 
for this purpose. If a separate container is not provided for the cement in each 
batch compartment, or the cement is not enclosed in the aggregate, tarapulin 
covers should be required during transportation. For placing bulk cement 
into a batch hopper for a stationary mixer, a pipe of suitable size to hold the 
cement should extend from the batcher discharge to a level near the bottom 
of the hopper. After covering the end of this with aggregate, the cement may 
be discharged. It will then enter the mixer without loss of dust and will be 
well distributed through the entering aggregate. 


Water measurement 

12. Larger jobs justify the recommendation that water measurement for 
concrete mixed in pavers and other portable mixers be made with automatic 
meters or automatic vertical cylinder center-siphon discharge type measuring 


tanks. Either of these devices or automatic weigh batchers should be used - 


in central mixing or batching plants. Any method used should be capable of 
routine measurement within an accuracy of 1 percent under all operating 
conditions. Tanks, except in the form of a vertical cylinder with center- 
siphon discharge, should be permitted only as an auxiliary part of the auto- 
matic meter or weigh batcher and not as a means of measurement. Truck 
mixers should be equipped with water measuring equipment meeting these 
requirements and capable of injecting the water deeply into the drum where 
it will most promptly become well distributed in the batch. Equipment 
for water measurement should be fitted with such valves and connections 
as are necessary to conveniently divert the water measured for a batch, so that 
accuracy of measurement or adjustments can be quickly verified. 


13. Measurement of the correct amount of water for concrete is so inti- 
mately related to the amount of water in the sand, and particularly to varia- 


tions in sand moisture, that these recommendations would be incomplete 


without mention of equipment now available for indicating the amount and 
variation of moisture in sand as it is batched.!° Although the accuracy of 
such equipment is less than that of laboratory methods, it is sufficient when 
properly operated to indicate accurately the general magnitude of increases 
or decreases in sand moisture from which appropriate adjustments can be 
made in the measured water in time to keep consistency reasonably constant. 
Where properly used, this equipment has proved to be a large factor in im- 
proving the uniformity of concrete, and it should be used on jobs and in 
ready-mixed concrete plants large enough to warrant automatic equipment. 
Means should be provided for quickly adjusting water and sand weights to 
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UNIFORMITY OF CONGRETE IS AFFECTED BY THE ARRANGEMENT 
OF BATCHER—-SUPPLY BINS AND WEIGH BATCHERS 
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Fig. 2—Correct and incorrect batching procedures 
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compensate for moisture variation. Uniformity in measurement of total 
mixing water is indicated by the uniformity of consistency of the concrete. 


Measurement of liquid admixtures 

14. Use of an air-entraining admixture, and on occasion certain other 
admixtures for special purposes, has become a worthwhile and widely accepted 
practice. Dosages being relatively small compared to the amount of other 
ingredients, comparatively delicate dispensing devices are necessary. For air- 
entraining agents, calcium chloride solutions, and water-reducing retarders 
accuracy of measurement within 5 percent of the prescribed dosage is satis- 
factory. Usually adequate equipment is available from vendors of admix- 
tures, but it is essential that it be maintained in a clean and accurate working 
condition. Moreover, provision should be required on each dispensing device 
for routine diversion of a measured dosage into a small container or graduate 
for daily verification of the batch quantity. 


Small jobs 

15. For small jobs, placing of concrete is likely to be irregular. It is pref- 
erable for a small job to use well controlled ready-mixed concrete or centrally 
dry-batched aggregates rather than handle and measure materials at the job 
site. The dry batch size should correspond to the maximum capacity of the 
mixer to be used at the site. Fractional bags of cement should not be used 
unless they are weighed for each batch. Use of simple water measuring 
equipment that is accurate, positive, and dependable should be required. 


General 


16. Emphasis should be placed on correct procedure in operations other 
than batch weighing if readily obtainable standards of uniformity are to be 
maintained. Care should be exercised to insure that accurately assembled 
batches arrive as uniform batches in the mixer. The following sources of 
error should be avoided: (1) overlap of batches in loading and discharging 
multiple batch trucks and cars, (2) loss of material in transferring batches 
to the skips of portable mixers, and (3) loss or “hang-up” of a portion of one 
batch, or its inclusion with another when dry batches are transferred by 
belts and hoppers. Incorrect quantities in each assembled batch should be 
strictly avoided, and methods should be approved or discarded accordingly. 
Batches should be protected from rain. Truck beds should be clean for this 
use. 


IV. MIXING 

Essential requirements 

1. Thorough mixing is essential for uniformity of workability, strength, 
and other concrete properties. Equipment and methods for mixing concrete 
should be those which will produce uniformity of consistency, cement and 
water content, and aggregate grading from beginning to end of each batch 
as discharged. For concrete of the highest quality, mixing equipment must be 
capable of handling concrete containing the largest aggregate and the lowest 
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slump which is placeable in the particular work and which can be readily 
consolidated by vibration. Mixing equipment that requires, for efficient 
operation, mixes containing smaller aggregate and larger proportions of sand, 
cement, and water than are needed for best results in the forms should not be 
used. Sufficient mixing and placing equipment should be provided so that the 
work may be kept alive and free from cold joints. 


The mixer 

2. Drum mixers should have a combination of blade arrangement and 
drum shape such as to insure an end-to-end exchange of the materials parallel 
to the axis of rotation, as well asa rolling, folding, or spreading movement 
of the mix over on itself as the batch is mixed. A counter current type of 
mixer may be used, in which blades revolving on vertical shafts operate 
counter clockwise in a large pan revolving clockwise and in which the batch 
can be easily observed and quickly adjusted for correct consistency. What- 
ever the mixer type, it should exhibit acceptable mixing performance [Sec- 
tion IV(10)] within a reasonable mixing period. Hach mixer should be op- 
erated at the speed which gives the required mixing performance in the mini- 
mum time regardless of the speed designated by the manufacturer. 


3. Any mixer leaking mortar, or causing waste of materials through faulty 
charging, should be taken out of service and kept out until satisfactory re- 
pairs and improvements have been made. Inner surfaces of mixing equip- 
ment should be kept free of hardened concrete and mortar. Worn blades 
which materially decrease mixing efficiency should be replaced. 


Batch size 

_ 4. Batch size should not exceed the manufacturer’s guaranteed capacity 
or 10 percent more than the rated capacity. When, to shorten time of dis- 
charge or to improve mixing performance, it is desired to retain a portion of 
the batch in excess of normal “hold-back,” the amount of material held back 
should be considered in fixing the size of the batch in relation to the capacity 
of the mixer. 


Charging operation 

- 5. It is particularly important in charging stationary and truck mixers, 
that the solid materials be arranged in the charging hopper in such a manner 
that proportional amounts of each will be in all parts of the stream as it flows 
into the mixer. It is preferable, to avoid gumming, that cement not be charged 
separately; for good uniformity in truck mixing when this is necessary con- — 
siderable additional mixing is required. Also considerable cement may be 


lost if it is not enclosed within the other materials or properly shrouded during 


charging. Care should be taken to see that the water is released first and 
continues to flow while the solids are entering the mixer. Discharge pipes 
of all water batchers must be of such a size and so arranged that the flow 
into the mixer will be completed within the first 25 percent of the mixing 


; 2 “time and will be delivered well inside the mixer where it will be mixed quickly 
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with the entire batch. Where meters are used, auxiliary tanks, into which 
the batch quantity of water can be measured in advance, may be necessary. 


Mixing time 

6. Mixing time required depends to a large extent on the efficiency of the 
mixer used. Experience has shown that mixing time for a 1 cu yd or smaller 
mixer, when mixing gravel concrete of medium consistency containing more 
than average cement content, should not be less than 1 min under the best 
conditions. For concretes of less than average cement content, mixed to 
drier consistencies, or containing an unusually harsh-mixing aggregate, the 
mixing time should be increased, sometimes as much as 50 percent. 

7. For job mixers larger than 1 cu yd capacity, particularly when mixing 
large maximum size aggregate concrete low in cement content and low in 
slump, a minimum net mixing time of 1 min plus 14 min for each additional 
cubic yard of capacity is often required. Regardless of the manner of charg- 
ing, the total net mixing time for any mixer should be the time required to 
bring the batch within the requirements of the mixer performance test [(Sec- 
tion IV(10)] when the mixer is charged and operated in accordance with 
practice established as routine for the job. 

8. The mixing period should be measured from the time when all the solid 


materials are in the mixer. No portion of the time required for discharging ~ 


should be considered a part of net mixing time. Slight overmixing is not 
objectionable unless it results in loss of entrained air or in requirement for 
additional water; however, mixing equipment should be so arranged that it 
can be stopped and started under full load. 

9. For maintenance of proper and uniform mixing time, a batch timer, with 
an audible indicator and an automatic lock which will not release the dis- 
charge mechanism until the completion of a preset mixing time, is an actual 
necessity on large mixers and often a useful device on 44 cu yd or smaller 
mixers. For use on all truck mixers reliable ‘reset counters’ are recom- 
mended. 


Mixing performance 


10. Mixer performance in intermingling constituents of concrete in all 
types of mixes should be such that prior to discharge at the end of the pre- 
scribed mixing period, two samples, one taken at the front, and one taken at 
the rear, will not exceed the following limits of uniformity (Reference 4, p. 
447): 


(a) Unit weights of air-free mortar from the two samples will not vary more than 
0.8 percent from the average of the two mortar weights. 
(b) Weights of coarse aggregate retained on a No. 4 screen from the two samples 


will not vary more than 5 percent from the average of the two weights of coarse aggre- 
gate. : 


The ratio of coarse aggregate to mortar should appear to be uniform in all 
parts of the mixer on visual inspection and should be borne out by subsequent 
observation of the concrete after discharge. 
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11. Another important aspect of mixing performance is batch-to-batch 
uniformity. 


(a) Although this depends largely on the uniformity of materials and their measure- 
ment for each batch, uniformity of consistency depends largely on the skill and con- 
tinued attention of the mixer operator. If precautions here recommended are taken, 
it should be practical to require that batch-to-batch variation in slump should be main- 
tained within a range equal to one-half the average slump. ; 

(b) Uniformity of air content is an aspect of mixer performance in that it depends 
in part on uniformity of consistency. Air content should not vary more than 1 percent 
above or below the average percentage of air selected or specified. 

(c) Uniformity of mixer performance also depends on uniformity of temperature, 
inasmuch as temperature variations cause variations in slump and in air content. 
When certain temperatures are desired, as in specifications for cold or hot weather con- 
crete, the temperature of concrete as mixed should not vary much more than 5 F above 
or below the average temperature selected or specified. 

(d) A recording consistency meter not of the torque type has definite advantages on 
2 cu yd or larger stationary mixers, not only in the maintenance of uniform consistency, 
but also because it provides a permanent record of batch count, type of batch, mixing 
time, and retempering. Another important aid to maintaining uniform consistency 
is visibility of the concrete during mixing; provision should be made for conveniently 
observing the mixing action in mixing equipment. 


Retempering 

12. Under careful supervision and followed by additional mixing equal 
to half of minimum required mixing time, a small increment of water may 
sometimes be added to improve workability of delayed batches in plant or 
job mixers, provided the maximum allowable water-cement ratio is not ex- 
ceeded.? Indiscriminate retempering or addition of water as desired to in- 
crease slump after concrete is first mixed should be prohibited. If slump loss 
or delays in placing are sufficient to result in serious loss of workability, other 
appropriate action should be taken. These matters are covered for truck 
mixers in Sections IV(18) and IV(20). Batches considerably higher in slump 
than specified, or batches in which there has been an obvious error in measure- 
ment, should be wasted from any mixer, unless proper corrections can be made 
promptly and the corrected batch thoroughly mixed. 


Discharge operation 

13. All types of mixers should be capable of ready discharge of concrete 
of the lowest slump which can be consolidated by vibration. In many massive 
or unformed placements, modern vibrators will readily consolidate concrete 
of a 1-in. slump. 

14. Separation of coarse aggregate from the mortar, which commonly 
results on discharge from most plant and transit mixers, should be avoided by 
arrangement of the discharge as shown in Fig. 3, so that the concrete will fall 
vertically, not diagonally, into whatever container is to receive it. 

15. Blade arrangement and discharge mechanism of all types of mixers, 


including agitating, shrink, and transit mixers, should be such that through- 
he aggregate is well distributed from coarse 
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to fine. Should the last fraction of the batch contain an excessive amount of 
coarse aggregate, this portion should be retained and mixed with the suc- 
ceeding batch. Batch size in this case should be reduced by an amount cor- 
responding to the quantity withheld. In some truck mixers this type of 
separation may be alleviated somewhat by reversing the direction of rotation 
for 10 or 12 revolutions prior to discharge. Coarse aggregate is in objection- 
able excess when that larger than 34-in. exceeds by 15 percent the amount 
of that size batched. 


Ready-mixed concrete 


16. Ready-mixed concrete may be mixed in a central plant and transported 
to the job in agitating or nonagitating truck bodies, mixed in a truck mixer 
in transit to or after the job location has been reached, or partially centrally 
mixed and mixing completed in truck mixers en route to the job (“shrink- 
mixing”). Adequately equipped and well supervised ready-mixed concrete 
operations afford excellent opportunities for control of concrete quality. 


17. Control of quality of ready-mixed concrete presents some problems 
not common to other concrete mixing operations. Certain conditions peculiar 
to ready-mixed concrete may require special attention. Recommendations 
in the preceding text relative to selection and proper handling of materials, 
accuracy of measurement, and adequate mixing apply whether the concrete 
is job mixed or ready mixed. Problems in ready-mixed concrete which may 
exist to a more troublesome degree generally originate in the indiscriminate 
addition of mixing water and breakdown in control of consistency. Concrete 
is generally regarded as having the correct consistency when it is adequately 
plastic and workable, readily placed, and not subject to objectionable segre- 
gation due to transportation and handling. Responsibility for the in-place 
quality of ready-mixed concrete is divided between the producer and the 
purchaser. Unless the consistency and addition of mixing water are prop- 
erly controlled, serious impairment of quality can result from indiscriminate 
addition of water regardless of who ordered it. The job provided with in- 
spectors who have the ability, the will, and the authority to exercise proper 
control, can be serviced satisfactorily by any dependable ready-mixed con- 
crete operation. When such inspection is not available (the case on the aver- 
age job serviced with ready-mixed concrete), the producer should take the 
initiative to encourage proper job control and procedures and should be pre- 
pared to furnish assistance and advice to achieve this end. Breakdown of job 
control may often result in undeserved discredit to the individual concrete | 
producer and to the ready-mixed concrete industry as a whole. Such diffi- 


culties as poor preparation and lack of organization to receive ready-mixed 


concrete when it is delivered, unrestricted use of retempering water, common 
placement abuses, and inadequate curing which concrete subsequently re- 
ceives, may all be encountered to some degree when meaningful inspection is 
lacking. None of these abuses experienced with, and often attributed to, 


~ ready-mixed concrete could exist if such performance was not accepted de 
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facto by a large segment of the construction industry, including owners, 
architects, and engineers. 

18. Because concrete stiffens, water required for proper consistency is 
affected by length of haul, amount and rate of mixing, climatic conditions, 
characteristics of ingredients, time required for unloading, and other less 
prevalent considerations. In cool weather, with short hauls, and when de- 
livery is prompt, particularly on large, well inspected, continuous placements, 
negligible difficulty arises from loss or variation in slump, higher mixing 
water requirements, and discharge, handling and placing problems. Con- 
versely, when the rate of delivery required is irregular, haul distances are 
long, and placements are small, slow, and scattered, or weather is warm, the 
problems encountered in striving for uniformity and quality can be serious. 
Considerable loss of slump in such circumstances is too often compensated 
for by generous additions of water at the start, so that slump will be ample 
when the last of the load is discharged. Such additions of water should be 
regarded with disfavor beyond compensation for 1 in. of slump loss. Under 
the difficult conditions mentioned earlier in this paragraph, precautions should 
be taken to minimize loss of slump by expediting delivery and placement 
on arrival, eliminating delays and, in warm weather, by using a retarder. 
The concrete should be kept as nearly in the 70 to 80 F temperature range as 
practicable by using cold mixing water or ice, avoiding the use of hot cement, 
shading and sprinkling aggregate, and by painting the equipment white. In 
such situations when loss of slump cannot be offset by these measures, the 
difficulties can be minimized by adding all the water and doing all mixing 
at the job site, or by supplying a suitable mixer at the forms with centrally 
dry-batched materials. 


19. A major factor in transit-mixed concrete is that the control is less cen- 
tralized. It, therefore, requires rigid control of all factors governing slump 
because of the difficulty of judging consistency until concrete is discharged 
at the point of delivery. Variations in consistency may be minimized by: 


(a) Handling aggregates in such a manner as to reduce variations in grading and 
moisture content to a practical minimum. 

(b) Verifying that mixers do not contain variable amounts of water before batching 
and absolute control of the added water to prevent indiscriminate and unauthorized 
additions. 

(c) Regulation of the number of revolutions at mixing and at agitating speed to 
reasonable uniformity from batch to batch. 

(d) Coordination between batching plant and point of placing to assure a minimum 
quantity of concrete arriving before a change order goes into effect, or before concrete 
on hand can be placed. Two-way radio between trucks and batch plant is used to great 
advantage in this connection by many operators of ready-mixed concrete plants and 
is a recommended solution to this important problem of coordination. 

(e) Responsible technical supervision of the entire operation. 


20. It is desirable, but frequently not practicable, to completely control 
mixing water at the batching plant. It may be measured there successfully 
when the amount of moisture present in the aggregate is accurately known 
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and taken into acount. Under these conditions the correct amount of added 
mixing water can be batched to the mixing water tank or the mixer drum. In 
cases where sand moisture is variable and cannot be rapidly and accurately 
determined, and in situations causing loss of slump greater than 1 in., some 
or all of the added mixing water should be withheld until the mixer arrives 
at the forms. With the required water added, the concrete requires an addi- 
tional 20 to 30 revolutions of the drum at mixing speed to thoroughly in- 
corporate added water into the mass. While every effort should be made to 
have concrete batches arrive at the job site at a suitable consistency, it is 
possible to make adjustments after arrival if proper provisions are made in 
specifications and on the job. Adjustments after the concrete reaches the 
forms, however, delays the work and interferes with orderly routine. More- 
over, too often, it is in “adjustments” that control is lost. 

21. Transit mixers should be operated at the mixing speed and number of 
revolutions found by performance tests [Section IV(10)] to accomplish thor- 
ough mixing and be capable of operating at a suitable lower speed for agitation. 
In transit mixing and shrink mixing, no more revolutions of the drum should 
be made at mixing speed than are necessary for concrete to meet the mixer 
performance requirements given in Section IV(10). Mixing for agitation 
only should be at agitator speed. The batch volume should not exceed 63.25 
percent of the gross volume of the drum. Agitator trucks should not be loaded 
in excess of the quantity recommended by the manufacturer, as this may 
prevent proper agitation. Moreover, agitation of mixed concrete should be 
kept to the minimum required for homogeneity at delivery; usually 10 revo- 
lutions at mixing speed, or agitation during the last 14 mile before delivery, 
is sufficient. 

22. Bodies of nonagitating delivery trucks should be smooth, preferably 
streamlined, water-tight metal containers equipped with gates that will permit 
control and ready discharge of the concrete. Covers should be provided 
against the weather when required. Slump tests of individual samples, taken 
at approximately the one-fourth and three-fourths points of the load as dis- 
charged, should not differ by more than 1 in. If the foregoing requirement 
is not met, lower slump, air entrainment, lengthening of mixing time, or 
smaller loads may correct the difficulty. 

23. In devoting a separate section to ready-mixed concrete, it is not the 
intention to imply that other aspects of these recommendations are not appli- 
cable to this operation. In many cases they are applicable and accordingly 
are recommended as well for ready-mixed concrete operations. Specifications 


‘for concrete work should include requirements herein recommended for 
_ ready-mixed concrete, and inspection should be established which is’ auth- 


orized to make sure that they are followed as to aggregate preparation, batch- 
ing plant, and performance. Many operators of ready-mixed concrete plants 
are equipped and willing to provide such service and to accept responsibility 
for furnishing concrete as specified. It should be’ clearly recognized that 


“suppliers of ready-mixed concrete can be held responsible only for those ma- 
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terials and operations which they control. Ready-mixed concrete is de- 
pendable when it is dependably handled. 


V. PLACING 
Basic requirements 

1. Foremost among basic requirements is that at all points from mixer to 
concrete in place, only those methods and arrangements of equipment should 
be used which will reduce to a minimum any separation of coarse aggregate 
from the concrete. For highest quality of concrete in place, equipment should 
be selected for its ability to handle concrete of the most advantageous pro- 
portions that can be readily consolidated by means of vibration after place- 
ment. Equipment should be capable of expeditiously handling and placing 
concrete of such a proper consistency, grading, and maximum size of aggre- 
gate, at the rate most favorable to good quality and workmanship. No part 
of any concrete handling and placing equipment should be accepted if it re- 
quires, for efficient operation, mixes containing larger proportions of sand, 
cement, or water, or smaller coarse aggregate than are practicable in mixes 
readily consolidated by vibration. 

2. Sufficient mixing and placing capacity should be provided so that the 
work may be kept alive and free from cold joints. Formed concrete should 
be placed in horizontal layers not deeper than 2 ft, avoiding inclined layers and ~ 
inclined construction joints. To get a monolithic and sightly placement, it 
is important that each layer be shallow enough so as to be placed while the 
previous layer is still soft and that the two layers be vibrated together. Con- 
crete should not be allowed or caused to flow horizontally or on slopes in the 
forms. Concrete placing on a slope should begin at the lower end of the slope 
and progress upward thereby increasing compaction of the concrete. Pneu- 
matic placement of concrete should be avoided unless usual high velocity dis- 
charge is reduced to a point where no separation and scattering of the concrete 
occurs. 


Aggregate separation 


3. The most important consideration in handling and placing concrete is 
that of avoiding separation of coarse aggregate from the concrete. Scattered 


individual pieces of separated coarse aggregate are not objectionable because — 


they are readily enclosed and consolidated into the concrete as it is placed 
and vibrated around them. Obvious groups and clusters of separated coarse 
aggregate are objectionable; they should be scattered before concrete is placed 
over them otherwise they may cause serious imperfections in the finished work. 
Particular attention should therefore be paid to the tendency for objectionable 
separation to occur at the ends of chutes and conveyor belts, at hopper gates, 


; and at all other points of discharge so that uniformity and homogeneity of 


concrete in place and good workmanship, will be assured (see Fig. 3). It is a 
common fallacy that separation occurring in handling will be eliminated in 


the course of other operations. Separation must be prevented—not corrected 
after its occurrence. 
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Fig. 4—Correct and incorrect methods of placing concrete in forms 
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4, Important in arranging equipment to prevent separation is the provision 
that the concrete shall drop vertically into the center of whatever container 
receives it. The importance of this increases greatly with increases in slump, 
maximum size, amounts of coarse aggregate, and with reductions in cement 
content. To protect tie rods, spacers, embedded features and form surfaces 
and to prevent displacement of reinforcement, concrete falling in forms where 
it may damage these items should be confined in a suitable drop chute to 
within a few feet of concrete in place. Whether such a fall is into forms or into 
a hopper or bucket, the final portion of the drop must be vertical and without 
interference if separation is to be avoided as shown in the various sketches in 
Fig. 3 and 4. If forms are open sufficiently so that concrete can be dropped 
into them with little or no disturbance of rods, etc., it will usually be found 
that direct discharge into such forms is faster and saves the labor of placing, 
moving, and removing hoppers and drop chutes (Reference 4, p. 260). More- 
over, where direct dumping is practicable otherwise, it results in little but 
unimportant scattered separation, whereas fixed drop chutes often cause con- 
siderable separation due either to flowing or stacking of the concrete. Mortar 
coating of rods during placement should be of no concern up to the level con- 
crete will be placed; above that, mortar should be kept from or cleaned from 
the steel. 


5. In difficult cases of placing in deep, narrow, reinforced walls, good re- 
sults can be obtained by closing each third space between 6-in. studs on one 
side to form a duct for dropping the concrete which then enters the form 
through holes cut in the sheathing at vertical intervals not greater than 4 ft 
as concrete in place rises to each opening. A pocket should be provided at 
the bottom of each duct, successively upward below each opening as shown 
in Fig. 4, so that concrete will stop and flow easily over into the forms with 
minimum scattering and separation. A good internal vibrator should be in 
operation on each side of an opening while concrete is entering the forms. 


6. If concrete placing in a deep beam, wall, or column is intended to be 
continuous and monolithic with the slab above, a delay to provide for settle- 
ment of the deep concrete should be scheduled before placing the upper con- 
crete in soffits and slabs. Length of the delay will depend on temperature 
and setting characteristics of the concrete but should be as long as will still 
permit the vibrator to again make the deep concrete plastic as it revibrates 
it and further settles it just before and during vibration of the soffit and slab 
concrete. 


7. Where applicable, bottom discharge buckets are a superior method of 
handling and placing concrete in massive and other structures, provided: 
(a) Separation is avoided in filling the buckets as indicated in Fig. 3. 


(b) Only one or more complete mixer batches are placed in the bucket unless the 
buckets are filled from a hopper in which there is no separated concrete. 


(c) They are capable of discharging concrete of the lowest slump which can be con- 
solidated by vibration as placed. : 


——— 
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(d) They discharge concrete fast enough and from a point high enough so that the 
concrete will not stack and separate. 


(e) They are of a size, and may be discharged in a manner and with such frequency, 
that concrete can be placed in approximately horizontal layers while the previous layer 
is still soft. 


(f) Successive batches are so placed as to afford opportunity for thoroughly con- 
solidating the concrete by means of internal vibrators. 


Vibration 


8. Vibration is the most effective known method of obtaining consolidation 
of newly placed concrete. Among methods of vibrating concrete, internal 
vibration is generally most effective. Vibration not only results in superior 
workmanship and appearance, but it also permits successful routine use of 
concrete that is less wet than is necessary for hand working and therefore 
more durable and of higher quality. Advantages and importance of vibra- 
tion for consolidation of newly placed concrete are so well established that 
general use of vibration for this purpose is recommended. 


9. For detailed recommendations concerning vibration of concrete, Refer- 
ence 8 is suggested.* Briefly, equipment for vibration should have adequate 
power, and be of high frequency, rugged, and reliable. Operators should be 
experienced, competent, dependable, and energetic. Ample standby units 
and parts as well as systematic servicing should be provided. Vibrators 
should not be used to cause concrete to move more than a short distance 
laterally, otherwise fine wet material runs ahead and separates from the coarse 
ageregate. Vibrators should not be used in wet concrete because the rock 
sinks and the fines and water may come to the top; when this happens or is 
likely, when vibrators are used, the concrete should be mixed with appreciably 
less slump. Vibrators should be inserted and withdrawn at many points, 
from 18 to 30 in. apart, for short periods usually from 5 to 15 sec in preference 
to insertion at wider intervals for longer periods. Systematic spacing of these 
insertions should be established to insure that no concrete remains unvibrated 
(Fig. 5). 


10. Inadvertent or intended revibration of concrete, or of steel embedded 
in it, is beneficial provided the concrete becomes momentarily plastic again 
during the revibration. As long as a running vibrator will sink into the con- 
erete of its own weight, it is not too late for the concrete to benefit by re- 
vibration. Both compressive strength and bond with reinforcing are usually 
increased by late revibration, and separation, which might occur due to 
settlement shrinkage, is reconsolidated. Ordinarily there is little likelihood 


of damage to newly hardened lower lifts from revibration above, because the 


vibrators will not sink of their own weight into such concrete. Nor is vibration 
of steel which penetrates lower lifts likely to be detrimental, apparently 
because of the damping effect of deep embedment; at least no evidence of 


such damage is known. 


"At this writing a revision of this recommendation is in preparation and should be used when available. 
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11. Where vibration is used to full advantage for consolidation of newly 
placed concrete, no supplemental spading or other working of the concrete is 
necessary. At corners, obstructions, block outs, congested reinforcing, under 
windows, and elsewhere where good consolidation may be in question, excellent 
results will be obtained by carefully attending to these places with ample, 
properly applied additional vibration. In unusually difficult situations 
supplemental form vibration, or form vibrators attached to reinforcing, at 
these points will secure good workmanship. Where air bubble holes are ob- 
jectionable on a vertical surface, experience has shown they will be largely 
eliminated by using up to 100 percent more vibration than is necessary merely 
to insure solid filling. If this extra vibration appears to overvibrate the con- 
crete, less water should be used in the concrete mix. Neither extra vibration 
nor spading will remove air bubble holes from surfaces molded under sloping 
forms; only such treatments as vacuum forms or absorptive form lining will 
remove air bubble holes from such surfaces. 


Provision for handling concrete of the proper consistency 


12. Objection is frequently made on the job to a relatively stiff consistency 
which will not flow down a certain chute, drop out of a certain bucket or - 
hopper, or discharge through certain gates, although it is freely admitted 
that it is readily workable in place, particularly when properly vibrated. Such 
an objection is not valid and should not be sustained if the drier consistency 
has been determined in advance to be of practicable workability in the forms 
and has been made a requirement of the specifications. It is the function of 
concrete handling and placing equipment to handle and place concrete of 
proportions and consistencies that can be properly consolidated by vibration. 
Limitations on consistencies and proportions should not be imposed by 
inadequate chutes, hoppers, buckets, or gates.1:4 

13. Thus it is important, in the design and approval of concrete handling 
equipment that chutes, where necessary, be amply steep, metal or metal 
lined, round bottomed, of large size, rigid, and protected from overflow. Dis- 
charge gates, bucket openings, and hoppers should be large enough to pass 
quickly and freely concrete of the lowest slump likely to be found practicable 
for placing in the forms by means of vibration. In many cases chutes steeper 
than 2 to 1 should be used, and double or triple the usual area of hopper out- 
lets and gates would not be excessive. 

14. Except where loss of slump due to delayed placing is unimportant 
and no increase in the original amount of mixing water is made because of it, 
or when remixing without additional water after a delay is desirable and 


practicable for reduction of shrinkage due to setting, every effort should be 


made to keep as short as possible the time elapsed from the moment water and 
cement come together until placement and consolidation of the concrete. This 
facilitates control of uniformity of consistency of concrete in the forms, and 
reduces to a minimum the water content of the concrete and variable loss of 


“slump between mixer and forms. For this same reason concrete should not 
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be exposed in thin streams in long chutes or on long conveyor belts in which 
condition it is subject to the variable effects of weather. It should not be 
necessary to mix the concrete any wetter than it may be worked in the forms 
by means of vibration. 


VI. GENERAL CONSIDERATIONS 


1. All concerned with concrete work should remain aware of the importance 
of keeping its unit water content to a minimum.!+:712, Even though water- 
cement ratio is kept the same, an increase in unit water content increases 
shrinkage cracking, and as a result of the increased cracking, concrete may 
lose a measure of durability. An example is the case in which both cement and 
water are added without changing the water-cement ratio but with an in- 
crease in slump. Another is when increases in cement and water are required 
by increases in fines or by a finer grading of aggregate, but with little change 
in consistency. Where indiscriminate additions to water content increase 
the water-cement ratio, strength and durability are also adversely affected. 
The more a form is filled with the right combination of solids, and the less 
it is filled with water, the better will be the resulting concrete. To this end, 
moderation in the use of water, cement, and fine aggregate, together with 


aggregate graded to the largest practical maximum size, should be consistently ° 


practiced. Only as much cement should be used as is required to obtain 
adequate strength and other essential properties. Only as much water and 
fine aggregate should be used as is required to obtain concrete with no more 
workability than is needed for proper placing and consolidation by means of 
vibration. 


Construction joints 


2. For the sake of appearance, it is important that proper attention be 
paid to the mark made by a construction joint on exposed formed surfaces of 
concrete. Irregular construction joints should not be permitted; a straight 
line, preferably horizontal, should be required by filling forms to a grade 
strip (Reference 4, p. 244). Where a groove along a construction joint will not 
detract from appearance, this is an excellent method of obscuring the un- 
sightliness which so often is associated with construction joints. Either a 
Vee or a beveled rectangular strip can be used as a grade strip to form a 
groove at the construction joint. Unless special precautions are taken to 
secure forms tightly against concrete at the joint, an unsightly offset is sure to 
occur and mortar from the next lift of concrete will leak down and disfigure 
concrete below the joint. Best assurance of form tightness is obtained when 
forms are reset and securely anchored with only 1 in. of form sheathing bear- 
ing on the concrete below the joint line made by the grade strip or groove 
strip (Reference 4, p. 244). 


3. The surface of the construction joint should be prepared in a manner 
that will insure bonding with the concrete later placed on it, and if the joint 
is to be watertight, preparation of the joint must be particularly thorough. 
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It is not difficult to obtain a good joint where good quality low-slump concrete 
has been used at the top of the lift and has not been overworked. Where wet 
consistencies have been used, or where excessive vibrating or working has 
brought water or mortar to the surface, concrete at the surface of the lift is 
usually so inferior that it is not easy to obtain a good joint. 


4. In the latter case the so-called green cut cleanup is a good expedient 
for such an inferior joint condition, which on good work would not be encoun- 
tered. The first step should be the removal of all laitance and inferior surface 
concrete by means of a strong jet of air and water, at approximately 100 psi, 
after the concrete has hardened sufficiently to prevent the jet from raveling 
the surface below the desired depth and from forming cloudy pools of water 
that will leave a film on the surface when they dry. The surface of joints so 
treated should be moist cured especially well, preferably by a 1-in. layer of 
saturated sand, and, if possible, the surfaces should never be permitted to 
become dry during the interval before concrete is placed on it. Before plac- 
ing new concrete the surface should be restored to the bright clean condition 
existing immediately following the green cutting by means of another wash- 
ing with the air water jet, vigorous brushing with fine wire brooms, or by 
sandblasting as necessary. If the surface has been properly wet-sand cured, 
very little final scrubbing or sandblasting will be necessary. 


5. Green cutting, followed by a thorough final cleanup can also be used 
with good results where quality of concrete at the joint surface is good. It 
produces no better results, however, than can be readily obtained, on sur- 
faces which have been properly placed at the right consistency, by omitting 
any initial treatment and removing the surface film and dirt to a bright new 
surface by sandblasting and washing immediately prior to placing the new 
concrete. The green cutting method, including a comparable final clean- 
up, is usually found to be more expensive than the final sandblasting method 
and is not as foolproof. Final sandblasting without initial cleanup has been 
found to produce excellent results economically on horizontal joint surfaces of 
mass concrete that has been placed at a 2 in. slump or less with the aid of 
vibrators, if the surface is protected from excess working due to setting form 
anchors, the endeavor to embed all coarse aggregate, and the general job 
traffic until the concrete has hardened. Excessive working of surface concrete 
by job traffic is a common cause of inferior joints and a concerted effort to 


keep it to a minimum is worthwhile. 


6. In all cases the new concrete should be preceded by about 1% in. of soft — 
mortar of the same proportions as that in the concrete. When accessible, 


this should be scrubbed into the surface of the joint with wire brooms. In 


‘column forms and deep narrow forms where 14 in. of mortar may seem in- 
adequate, it is preferable to follow the mortar with several inches of concrete 
containing mortar in excess of that in the usual mix and possibly containing 
coarse aggregate somewhat reduced in maximum size rather than use large 


“quantities of straight mortar. 
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Finishing of unformed surfaces 


7. For the most durable results in any finished, unformed concrete surface, 
the following procedures should be carefully followed. The concrete used 
should be of the lowest slump that can be properly consolidated. Preferably 
consolidation should be by means of vibration or some equally effective type of 
mechanical equipment. With such equipment or vibration, slump should 
be less than 2 in. Following consolidation, the operations of screeding, float- 
ing, and first troweling should be performed in such a manner that the con- 
crete will be worked and manipulated as little as possible in obtaining the 
desired result. Overmanipulation brings inferior fines and water to the top 
and this impairs the quality of the finished surface; it is a direct cause of 
checking, crazing, and dusting. For the same reason each step in the finishing 
operation, from the first floating to the final floating or troweling, should be 
delayed as long as possible and yet permit the desired result to be obtained. 
Free water is unlikely to appear and accumulate between finishing operations 
if proper mix proportions and consistency are used. If water does accumulate 
it should be removed by blotting with mats, draining, or pulling off with a 
loop of hose, so the surface can lose its water sheen before the next finishing 
operation is performed. Under no circumstances should any finishing tool 


be used in an area before accumulated water has been removed. Neither 


should neat cement be worked into the surface to dry such areas. It is possible, 
however, to get good results from correctly performed mortar topping. Mor- 
tar topping should be placed on and worked into base concrete before the base 
concrete sets and the mortar consistency, consolidation, and finishing should 
be as described above. It is preferable, however, to place concrete of such 
proportions, quality, and consistency that the surface can be finished directly 
to the texture desired without excessive delay. 


Cold weather concreting 


8. For detailed discussion of good practice in winter concreting, reference 
is made to the recommendation of ACI Committee 604.° Briefly, this recom- 
mends that ordinary air-entrained concrete be placed and held at a minimum 
temperature of 50 F for 3 days, and that the concrete contain 1 percent calcium 
chloride by weight of cement when mean daily temperature is less than 40 F. 
When mean daily temperature is higher than 40 F for several days, calcium 
chloride is omitted and concrete temperature need be kept only above freez- 
ing for the first 48 hr. Proper insulation in close airtight contact with form 
sheathing or unformed concrete surfaces, has been found fully capable of 
maintaining recommended concrete temperatures in any weather not too 
cold for attendant construction operations. Steam released under a wind- 
proof tarpaulin enclosure is an excellent protection, provided concrete tem- 
peratures are kept moderate, since a moist atmosphere favorable to curing, 
as well as protection from freezing, is afforded. Concrete should not be over- 
heated, either before or after placing; the opportunity should be taken in cold 
weather to mix, place, and cure concrete at comparatively low temperatures 
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as such concrete has highest strength and less cracking. Corners, edges, and 
‘surfaces of concrete are particularly vulnerable to freezing and the need for 
their adequate protection must be emphasized; in fact they may be frosted 
when the dry bulb temperature is above 32 F, if the wet bulb temperature 
reaches 32 F. As at any other time, regardless of the limited protection 
from freezing necessary for good durability, sufficient unimpaired curing 
time must be provided during and after periods of protection as is required 
to develop desired strength, and drying from overheating should be avoided. 

9. With ample protection of corners, edges, and surfaces from freezing, 
the minimum temperature of mass concrete when placed may be as low as 40 F 
because heat is lost more slowly from such massive concrete. 


Hot weather concreting 

10. For best ultimate quality, concrete should be placed at the lowest 
practicable temperature at all times, especially in hot weather. Concrete 
temperatures can be kept down by concreting only at night, sprinkling or 
cooling the aggregate, sprinkling subgrades and surrounding areas, avoiding 
hot cement, and by using cold mixing water, possibly including ice. Some 
effects of high temperature can be offset by using an approved water-reducing 
retarder. Any combination or degree of these practices that may be feasible 
is desirable and should be required, including an upper limit of 75 F on tem- 
perature of conerete delivered by truck mixers or to be pumped by pipeline, 
unless an approved water-reducing retarder is used. Curing should pref- 
erably be obtained by sprinkling or covering with wet burlap for its additional 
cooling value, even if only for 24 hr prior t6 application of a sealing compound 
for curing. Only white-pigmented sealing compounds should be used for this 
type of curing because of their heat reflective value. Calcium chloride should 
not be used in warm weather. The recommendations of ACI Committee 605 
for concreting in hot weather should be followed.1® 


Forms 

11. Workmanship in placing concrete is largely judged by appearance of 
the work on removal of forms. Appearance is usually an important quality of 
a concrete job which may be greatly influenced at the time concrete is placed. 
It is, therefore, necessary that the following precautions be included in these 
recommendations. For further information on forms for concrete, reference 
is made to the work of ACI Committee 622, Formwork for concrete.!®:1° 

12. With the general adoption of vibration for the consolidation of concrete, 
forms must not only be built substantially, but they must also be tight; - 
otherwise, unsightly sand streaks and rock pockets will be caused by loss of 


- mortar made unusually liquid during vibration. Immediately prior to plac- 


ing concrete, thorough care should be exercised to insure that all form panel 
joints, corners, and connections, and all seams between all types of sheathing 
are tight enough to hold fluid mortar. Unsightly bulges and offsets at hori- 
‘zontal joints should be avoided by resetting forms with only 1 in. of sheathing 


~ overlapping the concrete below the line made by a grade strip and by securely 
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tying and bolting the forms close to the joint (Reference 4, p. 244). Formed 
grooves also obscure construction joints and improve appearance when they 
are well arranged (Reference 4, Fig. 109). 

13. Form ties should be used which cause holes of minimum size in the 
form sheathing; if such holes are found to leak, they should be plugged effec- 
tively. Moreover, ends of form ties protruding from the concrete should be 
so designed and so removed that adjacent concrete will not be spalled, and a 
hole of minimum size will be left. Filling of these holes may not be necessary, 
but if it is, the work should be done in a manner that will secure sound, non- 
shrinking, inconspicuous fillings (Reference 1 and Chapter VII of Reference 4). 

14. Forms should be protected from deterioration, weather, and shrinkage 
prior to concreting by proper oiling or by effective wetting. Form surfaces 
should be clean and of uniform texture. Where they are permissible, reused 
forms should be carefully cleaned and oiled. Steel forms should be thoroughly 
cleaned but never sandblasted nor abraded to bright metal. Where “‘peeling”’ 
is encountered with steel forms, leaving the cleaned, oiled, forms in the sun 
for a day, or vigorously rubbing the affected areas with liquid paraffin, or 
applying a thin coating of lacquer will usually improve the condition. Some- 
times peeling is the result of abrasion of certain form areas from impact during 
placement, and improvement can be made by protecting these spots tempo- 
rarily with plywood or metal sheets. It is generally less expensive and more - 
satisfactory to obtain the desired surface effect by proper treatment and 


- preparation of the forms than it is to obtain it by working over the concrete 


surface after forms are removed. 

15. Forms should not be permitted to impair the quality of concrete filling 
them. Ample access should be provided for proper cleanup, placement, work- 
ing and vibration of the concrete, and inspection of these operations, so that 
concrete of excessive slump or sand content, or smaller size rock, will not be 
proposed as an expedient for getting a presentable job. 

16. Horizontally moving slip forms should not be used on slab work on 
which standard types of paving and finishing machines can be used to accom- 
plish desired results. Such machines should be equipped with effective vibra- 
tion and mechanical devices for working and consolidating the concrete. 
However, for slope paving, in preference to fixed forms, a continually moving, 
unvibrated, steel-faced slip form should be used (Fig. 5). The same should be 
used for concrete in steeply curved inverts. Concrete should be vibrated in 
front of the headboard of such slip forms.® 


Vil. CLOSURE 


In general, each of the foregoing recommendations should be considered 
insofar as applicable in connection with each concrete job regardless of its 
size or circumstances. It should be noted, however, that although perform- 
ance on this basis may be selected, it will not be obtained unless specifications 
are prepared accordingly and effective inspection is established with auth- 
thority to get such results.! 
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This committee studied the various sources of error in assump- 
tions, design, workmanship, or evaluation of materials, and 
arrived at some recommendations in a very philosophical manner. 
The same ideas and numerical values were adopted by the 
European Committee on Concretein Rome, April 1957. The entire 
analysis is best read in the original report, but a few of the 
highlights are presented in this abstract. 


SAFETY CALCULATIONS should fix a satisfactorily low upper limit to the 
probability of collapse and achieve a minimum value for the cost of con- 
struction, the maintenance cost during the useful life, the cost of a hypothetical 
insurance premium to cover accident risks, material losses, and possible loss 
of human life, with consideration to possible criticism of public opinion and 
similar factors of a psychological nature. 


DESIGN DATA 


Structural design proceeds from certain known data: 

1. Applied forces, which represent a variety of types of loading 

2 Geometric dimensions of the different parts of the structure, as given on 
the plans 

3. The strength of the materials used, based on tests of specimens of those 
materials and on accumulated experience, and 

4. Fundamental design assumptions or hypotheses. 


* ed from a report presented July 22, 1957, in Paris before the Conseil International du Batiment pour 
la ate Etude et ie Decamentation, Title No. 55-36 is a part of copyrighted JOURNAL OF THE AMERICAN 
Concrete Institute, V. 30, No. 5, Nov. 1958, (Proceedings V. 55). Separate prints are available at 50 cents each. 


Discussion (copies in triplicate) should reach the Institute not later than Febr1, 1959. Address P. O. Box 4754, 


Redford Station, Detroit 19, Mich. 
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Errors in data 
There are a number of sources of error in such data, some of which include: 


1. Applied forces which exceed the original estimates 


The probability of certain differences between actual applied forces and those assumed 
in the calculations is measured by the standard deviation, i.e., the root-mean-square 


or 4/ Z(z — , and will differ with the nature of the loads, being greater, for 
n 
example, in the case of wind loads than for the pressure of still water in a reservoir. ; 


—— 


2. An actual distribution of loads significantly different from those assumed 

in design 
3. The degree of precision of the design calculations themselves 
4. The accuracy of the basic design assumptions and hypotheses 


The designer should take into account the various loading alternatives. The super- 
position of loadings of opposite sign may lead to very low resultant loading. The 
designer should not make any fundamental error, leading possibly to substantial 
increase of tensile stresses, or, even worse, to a change in the direction of the forces 
that might cause a tie member to buckle. In many instances, the most unfavorable 
loading can be obtained by superimposing the various forces (dead weight, live load, 
wind, thermal changes, seismic effects, etc.). If each of these forces attains its maxi- 
mum value very rarely, the probability that their maxima will be coincident is very 
slight. In that case, the value of the load factor Kx, (described later) should be reduced; * 
certain specifications allow for a reduction of 20 percent. 


5. Geometrical dimensions differing from the plans 


6. The strength of the materials being less than that assumed in the cal- 
culations 


7. Decrease in the strength of the materials with the passage of time 
8. Variations in the quality of the workmanship 


An error in the location of reinforcement may be more serious in the case of a thin 
slab than in a beam of large proportions. Hence, the load factor K, might be higher 
in the former than in the latter instance. 

An example in the variation of quality of material occurs in very long reinforced con- 
crete structural units. Such variations are not always within the control of the con- 
tractor and should be covered by a reduction factor Ky (described later). The de- 
signer could specify a minimum “characteristic’’ strength f., for which the contractor 
is responsible. The contractor should test concrete under the same conditions of ~ 
mixing, vibration, compaction, and by the same means as are applicable to the material 
employed in the structure. If these tests show large variations, increase the mean 
value of the strength fm (e.g., increase the cement content). It is always possible to 
control, and maintain at the site, the minimum value of the characteristic strength. 


9. Changes in the strictness of control over the work 


10. The permissible probability of failure, which ought to vary pve 
with the magnitude of the damage from poeaible failure 


11. The behavior of materials at failure 


Steel, being ductile, shows signs of distress, while failure in concrete may be a paiden 
collapse. 


15 yh Vicki aiadict ae ie eal hk 6 
wave, A ~ 4 } 
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DESIGN PRACTICES 


In the past, two methods have been employed to obtain adequate strength 
in spite of errors: 
1. Instead of using the ultimate strength f of the materials (i.e., f,’ for concrete 


and f, for steel), a reduced stress is used, called the “permissible” (or design) stress, 
obtained by dividing the ultimate stress by a suitable strength factor, and 


2. The several loads are suitably increased for ultimate loads, i.e., ultimate strength 
design or limit design. 


The committee considers that available statistical data, even though in- 
complete, are helpful for establishing usable values, and that it is advisable 
both to increase the assumed working load, along lines suggested by the 
theory of probabilities, and to reduce the assumed strength of the materials 
in a similar manner. 


For a normal Laplace-Gauss distribution, the standard deviation o obtained from a 
sufficiently large number of measurements, corresponds to a 16 percent probability 
of being either within the range — © to — o or of +o to + ©. Because these 
conditions may not be satisfied by the actual distribution of data, one can either 
multiply the factor (1 + o) by a correction factor F' to become F (1 =o), or multiply 
the coefficient « by a factor F to become (1 + Fc), so that the characteristic values shall 
have a very small probability of being exceeded. If, for example, F = 3, the probability 
is 1.35 X 1073. 


DETERMINATION OF LOAD FACTORS 


The committee studied the three questions involved: (1) selection of the 
basic loads, (2) selection of the basic strengths (or elastic limit for steel), 
and (3) methods of calculation to insure that under action of the basic loads 


the basic strengths will not be exceeded. 


The committee proposes that the standard deviation corresponding to 
F = 1 be used in connection with both correction factors, Kz, being an incre- 
ment of the assumed applied forces (loads) and Ky being a reduction in the 


assumed strengths (stresses). 


Selection of basic loads : 
The basic ultimate applied loads for each type of building may be expressed: 


JO A, + Fro) Kr 


- where 


In basic ultimate load 


Lm = maximum load which, from a statistical investigation of a group of structures 
of similar type and life, has a 0.50 chance of being exceeded 


standard deviation, from statistical investigations of this kind of load 


ll 


o 


Fz, and Kr = coefficients to insure the same probability of oecurrence or nonoccurrence 
of any greater load once during the life of the structure 


570 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1958 7 


Since different factors may influence the different types of assumed loads, 
one can then introduce coefficients, Kz1, Kr, Kxs, with values suitably 
determined by assessing each type of load, so the final result becomes: 


Lh = Kr Lm (1 © Fic) + Krz Lo (1 = Fav) + Kis Dns (1 = Foo)..........2+-2-0-200 
that is 


t=N 
In = ee Kui Lm (1 = Fic) 

Increasing fF, or Ky will increase Ly, and the probablity of overload is 
reduced. It is recommended that F;, be taken as 1.0 and Ky as 1.25, so we 
write: 


In = Kr Len 


where Lx, = Lm (1 +0) = the characteristic load, a name applied for con- 
venience to a load (1 +) times the load Z,», which has a 0.50 chance of 
being exceeded once in the life of the structure. 

For a normal distribution and for an accepted probability of 16 percent, 
the characteristic value of the load, ie., La = Lm (1 +), coincides fairly . 
well with the average of the upper half of the values obtained from an adequate 
number of actual observations of applied loads of a given type. A plus sign is 
applicable to loads which are unfavorable to the stability of the structure, 
a minus sign to loads which help the stability. For a retaining wall, the 
horizontal thrust of the soil would be multiplied by (1 + ¢); the dead weight 
of the wall, which tends to maintain stability, would be multiplied by (1 — ¢). 
(This last o will be very small because possible variations in estimating the 
weight of the wall are small.) 


Selection of basic strengths 


The basic strengths of concrete and steel (f.’ for concrete, f, for steel) 
may be expressed: 


jn inao _ fa 
Ky K; 
where 
fo = the basic design strength to be assumed in the calculations 
fen = the characteristic strength, given by fer = fm (1 — o) 
fm = the mean value of the strength, obtained from a series of tests on specimens 


the standard deviation in such series of tests 


3 
ll 


K; = coefficient to reduce the probability that the actual strength on the job could 
be less than the basic value 


sy ult PPR ee ek UN 


Y 


_  fFor an underreinforced member, use the strength factor Kyss 
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The variation factor F (not included in writing these equations above) 
may again be taken as 1, where the number of tests is adequate, at least 20 
in number, and where the variability is well known from previous tests of 
the same type. The committee proposes to take Ky for concrete (1.e., K sc) 
as 1.5 to 1.6 applied to tests of standard 6 x 12 cylinders at 28 days, and 
K, for steel (i.e., Kys) as 1.15 or 1.20 of fy. For the accepted probablity of 
16 percent, the characteristic value of the strength, given by fin = fm (1 — 0), 
coincides substantially with the arithmetic mean of the lower half of the test 
results, and so can be obtained from job cylinders in a very simple way. 


A structure should be so dimensioned that its various structural parts, when 
subjected to the basic loads assumed in calculation, can not be stressed beyond 
the assumed basic strengths of the materials, as defined above. 


Recommended numerical values for reinforced concrete 

The load factor Kz, may be taken as 1.25 provided the basic assumptions 
have been strictly verified, the nature of connections and supports carefully 
established, all design and calculation work precisely carried out, the quality 
of workmanship and site control fully reliable, and the damages incidental 
to possible collapse are in the normal range (i.e., not excessively high in lives 
or money). 

If these requirements are not met, the above value of Kz, = 1.25 should be 
corrected as follows (the last two being superimposable on the others): 


AK SwAl conditions mets)... sma ts « «cleat esti ests see esc =a basic K,;, = 1.25 
B* Design and calculation of average accuracy and 
Rncertalnity om iaceant oo <n bh > a hen tienen ea Soe increase by 15 percent 

to Kr, = 1.44 

G* Average workmanship.........-.--::e0 freee ee renee increase by 15 percent 
to Kr, = 1.44 

D* Design and workmanship both average (1.15 X 1.15)... increase by 32 percent 
to K, = 1.65 

E* Very serious risk of damage in the event of failurey..... increase by 15 percent 

(see below) 
F* Very slight risk of damage in the event of failure. ...... reduce by 15 percent 


(see below) 


Thus K, for Case E superimposed on Case A becomes 1.44; on Cases B 
or C, 1.65; and on Case D, 1.90. If Case F is combined with A, B, C, or 
D, then K; becomes 1.06, 1.22, 1.22, or 1.41, respectively. . 

The strength factor for concrete Ky. can be between 1.50 and 1.60; minimum, 
1.50.4 | 

The strength factor on the elastic limit of steel can be between 1.15 and 1.20; 
minimum 1.15.4 

eed eee ee leas: eee pa ean povents e.g., theatres, exhibition halls, public stands, 


dams built in highly-populated Pegiors. depending on the yield point of the steel; for an 


overreinforced member, use the factor Kye based upon the cylinder strength of concrete. 
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For live loads in dwellings, the committee accepts a mean value of L, = 
130 kg per sq m (27 psf). For an accepted probability of + 17.7 percent, 
the characteristic value will be Z., = 130 (1 + 0.177) = 153 kg per sq m 
(32 psf). This can be rounded off to 150 kg per sq m (31 psf), which coincides 
with the requirements of a large number of national specifications. 

For other types of buildings, the committee recommends a statistical 
investigation to determine suitable loadings. The dead weight and live 
load for a floor should be added without any reductions. 


Dead load and meteorological loads 

For dead weight of floors in buildings, the committee suggests a coefficient 
of variation of + 8 percent; the characteristic value being obtained by multi- 
plying the most likely value of the dead weight by the factor 1.08 for normal 
conditions and 0.92 if the dead weight operates to reduce the required section 
of a member (e.g., bending moment at the center of a continuous beam where 
the weight of adjacent spans reduces the positive value). 

In the combination of dead load and live load with a simultaneous meteor- 
ological load, a reduction to 80 percent of the total combined effect is allowed. 
(In the case of a terrace, accessible to the public, and designed for a live load 
of 400 kg per sq m (83 psf), it seems unnecessary to add the load due to a 
possible layer of snow.) 

The addition of two meteorological loads whose simultaneous action is 
improbable or impossible need not be allowed for (e.g., wind may remove 
snow). If the addition of meteorological loads must be considered, then for 
each structural part the most unfavorable of the following three factors 
should be adopted: either (1) 80 percent of the characteristic value of the 
simultaneous loads due to wind and snow, or (2) the characteristic value of the 
wind alone, or (3) the characteristic value of the snow alone. 

For columns supporting several stories, a reduction factor not greater than 
40 percent may be applied to the sum of the maximum imposed loads for all 
the stories, because of the slight probability that the maximum imposed load 
will act simultaneously on all the floors. For columns of lower stories, the 
margin of safety should be increased, due to the magnitude of the damage 
in case of failure, but the above-mentioned reduction of maximum imposed 
load can be maintained. 


Other types of loading (e.g., the effect of earthquakes) should be allowed 
for in a similar way. 


Discussion of this paper should reach ACI headquarters in tripli- 
cate by Feb. 1, 1959, for publication in the June 1959 JOURNAL. 


Title No. 55-37 


TWENTY-FOUR TWO-SPAN CONTINUOUS BEAMS were 
tested to determine the manner and degree of moment 
and shear redistribution after yielding of the first critical 
section. Support displacement conditions were selected to 
provide severe redistribution requirements. 


Manner and degree of moment and shear redistribution 
were essentially the same for all beams, with redistribution 
beginning with the start of steel yield at the first critical 
section and becoming practically complete upon_ initial 
yielding of the final critical section. Transverse ties designed 
to resist all the shear at plastic collapse provided adequate 
protection against diagonal tension failure with one 
exception. 


Concentrated plastic rotation values indicate a sufficient 
capacity for the attainment of crushing moments at all 
critical sections for the steel! ratios and support displace- 
ments of these tests. The amount available for redistri- 
bution may become limited by high steel ratios. 


Moment and Shear Redistribution 


in Two-Span Continuous 
Reinforced Concrete Beams* 


By GEORGE C. ERNST 


The principal object of this investigation was to determine the manner 
and degree of redistribution of internal moment and shear in two-span con- 
tinuous reinforced concrete beams under extreme conditions of support dis- 
placement. Nineteen tests were conducted under symmetrical loading with 
a concentrated load at the midpoint of each span, and five tests with a con- 
centrated load at the midpoint of one span only. Steel ratios of 0.008, 0.016, 
0.027 with a nominal concrete strength of 5000 psi were used. The quantity 
and spacing of the transverse steel was designed to take the full shear at 
plastic collapse, at or below a stress of 50,000 psi. Of the beams tested under | 
symmetrical loading, ten contained top and bottom bars running the full 
length of each beam, but in the other nine beams the top bars were cut off 
in accordance with the minimum requirements of ACI 318-56. 


* i Institute Oct. 16, 1957. Title No. 55-37 is a part of copyrighted JouURNAL OF THE AMERICAN 
ee ney, 30, No. 5, Nov. 1958 (Proceedings V. 55). Separate prints are available at 60 cents por 
Discussion (copies in triplicate) should reach the Institute not later than Feb. 1, 1959. Address P. O. Box 4754, 
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In general, the supporting conditions were (a) no initial displacement of 
supports, (b) development of tensile yield in the bottom bars before contact 
with the center or an end support, and (c) development of tensile yield in the 
top bars before contact with the outer supports. Procedures (b) and (ce) 
were considered extreme conditions of support displacement for internal 
moment and shear redistribution, with a high concentration of plastic hinging 
required at the load for (b) and at the midsupport for (c). 


SPECIMENS AND TEST METHOD 


Test specimens 


All test specimens were 6 x 1414 in. in cross section, 19 ft long, with two spans of 8 ft 6 in. 
each. Three groups of five beams each were made with top and bottom bars extending through- 
out the full length of the beams, and are designated by the letter E. Three additional groups 
of three beams each were made with the top bars cut off in accordance with the minimum re- 
quirements of ACI 318-56, and are designated by the letter C. Each group contained a dif- 
ferent amount and arrangement of steel, as shown in Table 1. 


The individual beams are designated by a number referring to the bottom steel ratio and the 
letter E or C for extended or cut off top bars, followed by a number indicating one of the load- 
ing cases in Fig. 1. For example, beam 16E3 indicates a bottom steel ratio of 0.016, top bars 
extended full length, and loading Case 3. All E-beams contained the same top steel ratio as 
in the bottom, but all C-beams contained two #9 bars as top reinforcement. 


P P 
2 2 
CASE | 
R, e R, P R, 
2 2 
— CASE 2 
A FOR Y.R 
a f BETWEEN LOADS R 
P Re P . 
2 
CASE 3 
oe A FOR Y.P. aT 
R, MID~ SUPPORT Re of 
R P 
CASE 4 
R R 
R, z P ; 
iii. FOR Y.P, AT LOAD P 
CASE 5 


Fig. 1—Loading cases. Note: 

elevations of reactions not 

maintained after start of 
loading 
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TABLE 1—PRINCIPAL PROPERTIES OF BEAMS 
d = 12.5 in., d’ = 10.5 in., b = 6 in., § = 14.5 in., total length = 19 ft 
Span 1 = Span 2 = 8.5 ft, average fc’ = 5280 psi 


Steel ratios Transverse ties Longitudinal bars 
Group Quantity Bottom Top 
No. of At loads At Re Outer ends | Between 
beams p/p’ p/p’ to loads loads Size and Size and 
length length 


8E 5 0.008/0.008 | 0.008/0.008 | #3 @6in.| *3 @6Gin. | 2- #5 Full | 2- #5 Full 
16E 5 0.016/0.016 | 0.016/0.016 | #4@6in. | *4@6in. | 2- #7 Full | 2- #7 Full 
27E 5 0.027/0.027 | 0.027/0.027 | #4 @3in. | #4 @3in. | 2- #9 Full | 2- ¥*9 Full 
8C 3 0.008/0 0.027/0.008 | #3 @ 6in. was 2- #5 Full | 2- #97 ft 8in 
16C 3 0.016/0 0.027/0.016 | 3 @6in. | *4@4in. | 2- #7 Full | 2- #97 ft 8in 
27C 3 0.027/0 0.027/0.027 | ¥4@6in.| *4@3in. | 2- *9 Full | 2- #97 ft 8in 
TABLE 2—PROPERTIES OF REINFORCING STEEL 
‘Bar No. Yield point stress, psi Ultimate strength, psi , 
nize tests Beam group No. 
Minimum |} Average | Maximum | Minimum} Average | Maximum 
#5 9 40,900 42,400 43,500 73,900 76,200 78,800 8H, 8C 
#7 9 40,800 42,600 43,900 76,000 77,500 79,200 |16E, 16C 
#9 % 36,800 38,300 40,200 69,500 74,300 78,600 |27H, 8C, 16C, 27C 


The stirrups were made in the form of column ties of a size and spacing to resist the full 
shear at plastic collapse at not to exceed 50,000 psi. 

The principal properties of all beams are listed in Table 1, including bar sizes and lengths 
as well as steel ratios. 


Materials, fabrication, and curing 


The test beams were precast in seven lots by a commercial precasting firm. The average 
strengths of three 6 x 12-in. cylinders for each lot, at time of testing the beams were 


Lot 1 = 5550 psi Lot 4 = 5470 psi Lot 6 = 4680 psi 
Lot 2 = 5320 psi Lot 5 = 5470 psi Lot 7 = 5330 psi 
Lot 3 = 4970 psi Average of all cylinders = 5280 psi 


Intermediate grade bars were used throughout. Typical stress-strain curves are provided 
in Fig. 2, and the minimum, average, and maximum strengths from all tension tests are listed 


in Table 2. 


Test set-up and procedure 

All beams were tested in a loading frame with a manually pumped 30-ton hydraulic jack at 
each load point. The load applied by each jack and the reaction at each end of a beam were 
measured by means of SR-4 load cells. Fig. 3 illustrates the general arrangement. 

Steel strains were measured at the critical sections by SR-4 electric resistance strain gages 
placed on the bars through core holes after curing was completed. Gages for steel strain were 
also positioned on beams 16E1a, 16H3, and 27E1 such that the extent of yield spread might be . 
determined. 

Concrete strains were obtained from SR-4 resistance gages attached to the top surface 1 in. 

_ from each edge of each load bearing plate, and at the same location on the under surface at the 
midreaction bearing plate (Fig. 3). 

Vertical displacements were obtained for all beams at each reaction, midpoint of each span, 
and at the quarter points of one loaded span. All displacements (deflections) were read to a 
thousandth of an inch, by means of an optical micrometer attachéd to a transit and an optical 


_ tooling scale at each displacement point. 
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NO.5 BAR 


AV. OF 9 ay 


YP=42.4KSI YP = 42,6KSI AV. OF 7 wep, 
ULT=76.2 KSI ] ULT=#77.5KSI YP =38,3KSI 
Y ULT=74.3KS!I 


UNIT STRESS, KSI 


UNIT STRAIN, IN. PER IN. 


Fig. 2—Stress-strain curves for reinforcing bars 


The test procedure consisted of taking incremental readings of load, strain, and deflection 


until no further load increase was possible by manual pumping. Such readings were also taken _ 


at yielding of the steel and at crushing of the concrete. Special requirements for each loading 
case of Fig. 1 are: 


Case 1 

a. The center support was initially placed at a level producing zero moment at the mid- 
reaction. 
Case 2 

a. Yield was developed in the bottom bars between the load points, without the center 
support. 

b. The center support was next inserted and the loading continued. 


Case 3 
a. Yield was developed in the top bars without end supports. 
b. The end supports were next inserted and the loading continued. 


az—LOAD CELL 


HYDRAULIC JACK 
i SR4 GAGES FOR CONC. STRAIN 


6"x6"x} BRG. PL. AT EACH 
REACTION & LOAD POINT 


I"xt"x6" 
AL. BAR 


VERTICAL DISPLACEMENTS MEASURED AT EACH SUPPORT, LOAD 
POINT, AND QUARTER POINTS OF ONE SPAN 


Fig. 3—Basic test set-up 
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Case 4 


a. All supports were in contact at the beginning of load application. 


Case 5 

a. Yield was developed in the bottom bars at the load, without the end support on the un- 
loaded span. 

b. The end support on the unloaded span was next inserted and the loading continued. 


After establishing the position of the supports at the beginning of each test, no attempt was 
made to adjust for changes in elevation of the supports caused by the deflection of the loading 
frame and fittings under load. Vertical deflections at the supports and load points were re- 
corded for all beams, and the resulting relative deflections were tabulated (Tables 5 and 6). 


TEST RESULTS 

: Principal test data 

| The principal test data are summarized in Tables 3 to 6. The shears, 
- moments, and total load at yielding of the steel at the last critical section are 
: given in Table 3 for all beams except 27C3. The latter beam failed in diagonal 
-_ tension between the end of the cut off bars and a load point prior to insertion 
of the end supports, although neither 8C3 and 16C3 with cut off bars de- 
veloped such a fracture. Table 4 provides the shears, moments, and total 
— loads at the maximum applied load. The calculated loads of Tables 3 and 4 
— _ were obtained on the basis discussed in the section on analytical studies. 


‘ TABLE 3—SHEARS, MOMENTS, AND LOADS AT YIELDING* OF STEEL AT THE LAST 


- CRITICAL SECTION 

2 Beam Loading Shear, kips Moment, in.-kips Total load on two spans, kips 

E> No. gase, No. Outer Inner Positive | Negative Test |Calculated | Test/Cale. 

"4 8E1 i 6.08 12.67 310 344 37.5 32.82 1.14 

¥ 8E2 2 6.45 13.00 330 334 38.9 36.82 1.06 

= 8E3 3 6.51 13.54 332 359 40.1 34.20 Lee 

j 8H4 4 7.08 12.82 360 293 19.9 17 .69§ 1.13 

a 8E5 5 7.52 12.38 384 248 19.9 18.81f 1.06 

a 8C1 1 7.01 21.60 358 747 57.4 52.62t | 1.09 

2 8C2 2 8.07 22:71 411 746 61.6 59.98f 1.03 

a 8C3 3 6.50 24.95 331 940 62.9 BT A224 1.10 

“4 - 

‘§ 16E1 1 11.13 23.41 567 625 69.1 66. 90T 1.03 

; 16Ela 1 11.32 24.38 577 665 71.4 66. 90T 1.07 

a 16H2 2 13.31 25.69 679 630 78.0 71.90t 1.09 

a 16E3 3 11.30 22.95 575 594 68.5 70.508 0.97 

“< 16E5 5 14.71 25.09 750 §29 39.8 37.148 1.07 

. 16C1 1 11.59 30.01 590 940 83.2 77 A427 1.08 

£4 16C2 2 13.55 28.65 690 769 84.4 85.50f 0.99 

Aa 16C3 3 12.07 30.23 615 925 84.6 80.36 1.05 

¥ 27E1 1 16.80 34.24 856 889 102.1 100. 207 1.02 

27E2 2 19.95 34.95 1017 764 109.8 102.72t 10% 
27E3 3 16.89 33.96 860 870 101.7 102.2 0.99 

; 27E4 4 19.20 35.30 978 820 54.5 54.62§ 1.00 

,: 27E5 5 19.70 35.50 1007 805 55.2 54.62} 1.01 
27C1 1 17.55 33.55 895 815 102.2 99.807 1.02 
27C2 2 Steel yield not developed at last critical section. See Table 4 for maximum values 

attained. Ratio of test to calculated load = 1.01. : ; 

27C3 3 Steel yield not developed due to diagonal tension failure near load point 2, prior to 


insertion of end supports at Ri and Rs. 


—————— ae 


*Yielding as indicated by attainment of yield strain on SR-4 gages. 


+ all yielding sections. 3 ‘ 
ore ee ea Lee M = 0.9Aefs d at first critcal section, with fs from stress-strain curve and test value 


_ of strain. : ; 
oe §Same as t, except that steel strain was taken as 0.015 due to inoperative test gages. 
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CASE | CASE 2 CASE 3 
(a) METHOD OF LOADING 


mm NW YN 


(b) DEFLECTION CONFORMATION AT COLLAPSE 


/\ | 


(Cc) iDEALIZED RELATIONSHIP BETWEEN CRITICAL MOMENTS AND TOTAL LOAD 


+M +M 


+M +M 


(d) m VS. P AS MODIFIED BY THE STRESS~-STRAIN RELATIONSHIPS FOR CONCRETE ANO STEEL 


Fig. 4—Test behavior for p = p’ 


Deflections that were developed at initial yielding of the steel in the final 
critical section are given in Table 5. Deflections and concentrated plastic 
rotations developed by the maximum applied load are listed in Table 6. The 
deflections are referred to those supports for which the relative movements 
would be typical of the loading condition, with downward deflection as positive 
and upward deflection as negative, 


Behavior under load 


If the top and bottom steel ratios are equal at all sections, and are less 
than the balanced ratio,! the general behavior of the beams for loading cases 
1, 2, and 3 should conform to that illustrated in Fig. 4. The loading cases 
are shown at the top, with the resulting collapse mechanism just below. 
The relationship between the critical moments and total load, based upon 
the assumption of idealized properties,*:* is sketched in Fig. 4c. However, 


‘tie 
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the lack of distinctly separated elastic and plastic properties in the concrete, 
‘tensile cracking, local bond conditions, etc., will modify the curves to some- 
thing like those given in Fig. 4d. 


The ratio of positive to negative elastic moments for Case 1 is 0.83, thereby 
requiring a relatively small amount of concentrated plastic rotation at the 
midsupport section in order to develop yield at the loads. Cases 2 and 3 
are devised to produce large concentrated plastic rotations at midsupport 
and at the loads, respectively, before yielding of the steel at the last critical 
section. This larger amount of concentrated plastic rotation is represented 
by the greater distance between Y (yield of steel) and C' (concrete crushing) 
in the sketches for Cases 2 and 3 in Fig. 4d. 


Moment redistribution 

Z Redistribution of internal resisting moments is initiated in a statically 
indeterminate structure by plastic rotation at the first critical section,*:* as 

illustrated in Fig. 4d. The degree of moment redistribution may be made 
Z more evident by superimposing the three curves of Fig. 4d, for which conver- 
. gence should start at initial yielding of the first critical section. If the plastic 
-_ properties of the material permit sufficient plastic rotation at the first critical 
section in each case, the moments should converge to a common value although 
not necessarily the same value for positive and negative moments. 


>. 
; TABLE 4—SHEARS, MOMENTS, AND LOADS AT MAXIMUM* APPLIED LOAD 
4 Shear, kips Moment, in.-kips Total load on beam, kips Remarks* 
- Beam Loading = ai aa 
: es pesce No: Outer Inner | Positive see Test Tatedt hei 
4 8E1 1 8.37 | 19.73 427 580 56.2 42.1 1.33 | Ultimate load 
* 8E2 2 8.16 16.94 416 447 50.2 42.1 1.19 
“4 8E3 3 8.85 18.15 451 474 54.0 42.1 1.28 
e- 8E4 4 8.80 17.10) 449 424 25.9 21.1 1.23 
8E5 5 8.92 15.58 456 344 24.5 21.1 1.16 
8C1 1 8.20 28.80 419 1050 74.0 63.7 1.16 Ultimate load 
8C2 2 8.94 26.76 456 909 71.4 63.7 1.12 ’ 
8C3 3 7.81 29.19 398 1088 74.0 63.7 4.16 Ultimate load 
16E1 1 14.97 32.83 762 910 95.6 let 1.24 Ultimate load 
16Ela 1 14,34 31.66 731 882 92.0 77.3 1.19 Ultimate load 
16E2 2 15.05 29.65 766 744 89.4 77.3 Ti6 
1653 3 14.91 30.99 760 818 91.8 77.3 1.19 : 
16E5 5 16.00 28.80 815 653 44.8 38.7 1.16 Ultimate load 
16C1 1 14,32 38.33 730 1225 105.3 81.0 1,30 Ultimate load 
16C2 2 14.69 31.61 TAT 862 92.6 81.0 1.14 
16C3 3 13.76 34.74 700 1068 97.0 81.0 1.20 
27H 1 1 18.09 36.91 921 959 110.0 107.2 1.03 
ED 2 19.95 34.95 1017 764 109.8 107.2 1.02 
2 27H3 3 17.58 36.07 895 941 107.3 107.2 1.00 : 
4 27H4 4 20.10 36.70 1023 846 56.8 53.6 1.06 Ultimate load 
S 27E5 5 19.92 36.18 1015 828 56.1 53.6 1.05 Ultimate load 
27C1 1 18.04 36.26 920 928 108.6 103.0 1.05 
107.0 103.0 1.04 No yield at last 
27C2 2 20.81 32.69 1060 605 Titel Bestioet 
27C3 3 Maximum total load = 21.2 kips. developed at diagonal tension failure at load point 2 


prior to insertion of end supports at Ri and Rs. 


i i i i i i ion in load upon 
* ty was considered to have been attained only for those beams having a reduction in 
Pe ieeiroroine ot ie hydraulic loading jacks. In other cases neither a drop nor a further increase in load was 


Be reer adn yore boned on the assumption that the crushing moment had developed at all critical sec- 


tions, M- was computed from Reference 8 using average fc’ and Fig. 2. 
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TABLE 5—DEFLECTIONS AT INITIAL YIELDING OF STEEL AT FINAL CRITICAL SECTION 


Beam Loading Deflection,* in., at indicated location 
No. case, No. 
Load 1 Load 2 Ri Re Rs 
8E1 1 0.151 0.132 0 0.014 0 
8E2 2 1.155 1.150 0 1.157 0 
8E3 3 0.375 0.383 0.518 0 0.518 
84 4 — 0.444 —0.212 0 0 
8E5 5 — 0.485 —0.396 0 0 
8Cl1 1 O.oiily 0.325 0 0.197 0 
8C2 2 1.816 1.668 0 7Al83 0 
8C3 3 0.575 0.404 0.397 0 0.397 
16E1 1 0.168 0.154 0.041 0 0 
16Ela 1 0.235 0.180 0 0.045 0 
16E2 2 1.189 1.305 0 1.145 0 
16E3 3 0.308 0.318 0.278 0 0.278 
16E5 5 _ 1.079 —0.962 0 0 
16C1 1 0.167 0.216 0 0.035 0 
16C2 2 1.789 1.536 0 1.628 0 
16C3 3 0.532 0.573 0.633 0 0.633 
27E1 1 0.306 0.351 0 0.153 0 
27E2 2 i Siyyil 1.481 0 1.529 0 
27E3 3 0.327 0.346 0.366 0.366 
274 4 — 0.951 —0.485 0 0 
27E5 5 — 0.935 —0.814 ) 0 
27C1 1 0.442 0.428 0 0.289 0 
27C2 2 See note in Table 3 
27C3 3 See note in Table 3 


*Positive deflections are down, negative deflections are up. 


Such a convergence toward common moments is evident in the typical 
experimental curves of Fig. 5. The start of steel yield, as indicated by yield 
strain values from the SR-4 gages on the steel at the critical sections, is indi- 
cated by Y. Concrete crushing, when detected either visually or by a re- 
cession of strain through SR-4 gages on the concrete at the critical sections, 
is indicated by C. It is evident from these curves that initial steel yield at 
the last critical section denotes the point at which the redistribution is essen- 
tially complete. This is clearly shown by the shear redistribution curves of 
Fig. 6, discussed in the next section. 


Shear redistribution 

Fig. 6 shows the typical redistribution of shear by plotting the ratio of 
outer reaction divided by load on span as the abscissa and the ratio of applied 
load to load at initial steel yield at the last critical section as the ordinate. 
In this manner, the similarity of convergence for the three steel ratios of these 


specimens is clear. Also, the closeness of convergence to a common value at 
and beyond steel yield at the last critical section is shown. 
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Attention is called to the fact that the diagonal tension steel was designed 


to resist more than the maximum shears resulting from the redistribution that 


would exist at plastic collapse. It was not an objective of these tests to 
determine the extent to which the customary design of shear reinforcement 
would provide protection against diagonal tension failure in the plastic 
range of loading. 


Yield spread and crushing 

The gages positioned for the purpose of determining yield spread showed 
that steel yield extended at least 17 in. from the center of load application” 
just prior to the ultimate load for Beams 16Ela and 16K3 (steel ratios of 
0.016 at top and bottom), but did not reach 10 in. for 27E3 (steel ratios of 
0.027 at top and bottom). Considering that the edge of the bearing plate 
was 3 in. from the center of load application, these indications of yield spread 
are quite consistent with more detailed information from other tests.’ 

Because of the number of gage readings taken at each load increment, it 
was difficult to obtain the exact load at which crushing became evident 
visually or by a recession of strain in the vicinity of the loads and center 
support. The points marked C in Fig. 5 are those at which concrete crushing 
was clearly evident by either strain recession or visual inspection of the 
whitewashed surface. 


NOTATION 
L = Span 1 or Span 2, in. fe = steel stress, psi 
M = moment, in.-lb fy = yield point of steel, psi 
M, = moment at start of steel yield, in.-lb R= reactions, lb (with subscripts 1, 2, or 3 
M, = moment at crushing of concrete at to indicate position ) 
L/2, in.-lb A, = area of tension steel, sq in. 
M,!= moment at crushing of concrete at mid- A,’ = area of compression steel, sq in. 
support, in.-lb p =A,/bd 
P = totalload (sum of loads onboth spans), p’ = A,’ /bd 
lb Ar = deflection of support, in. 
P, = load calculated on assumption of M, Ai = deflection at L/2 of loaded span, in. 
at all critical sections, lb 9, = concentrated plastic rotation, radians 
P, = load calculated on assumption of M, ¢ = M./E-I/, in which HE, = concrete mod- 
at all critical sections, lb ulus and J = moment of inertia of 
b = width of beam, in. transformed section in concrete 
d = effective depth, in. ¢- = unit rotation accompanying M, radians 
d' = distance between tension and com- per in. 
pression steel, in. dp = bc — de - 
t = total depth, in. q =M./M.' = ratio of positive to nega- 
f-’ = ultimate concrete cylinder strength, psi tive crushing moments é 


ANALYTICAL STUDIES 


Calculated versus test loads 

The moment at the first critical section may be substantially greater than 
the yield moment M, when the steel just reaches its” yield point at the last 
M, may be computed by the customary assumptions of 
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ee pee linear distribution of strain, propor- 


tionality of stress to strain, and no 
tension in the concrete.!_ The general 
plastic moment equation! should be 
used if M, is exceeded, but sufficient 
experimental information must be 
available for the determination of 
certain constants.? Such experimental 
(cy) data were not obtained for these tests, 
but a close approximation may be 
computed from M = A,f,(0.9d) if fs 
——() is determined from the actual strain 
pia a measurements and the complete 
stress-strain curve for the steel. The 
calculated loads of Table 3 were based 
upon M = A,f,(0.9d) at the first 
) critical section and My, at the last 
critical section, for all beams tested 
under Cases 2, 3, 4, and 5. My, was 
used at all critical sections of Case 1 
(tf) beams because of the almost simul- © 
a, Bp taneous formation of steel yield at 
load and midsupport sections. For 
Fig. 7—Development of @» in two-span the beams of Cases 2, 3, 4, and 5, 
continuous beam with load at center of toe] strains were in the work-harden- 
sal i alg ing range when steel yield developed at 
the last critical section. The ratios of 
test load to calculated yield load listed in Table 3 range from 0.97 to 1.17, 
with only three values below 1.00. 


The crushing moment was assumed at all critical sections in obtaining the 
calculated moments in Table 4. The average ultimate concrete strength 
and the steel stress-strain curves of Fig. 2 were used with Reference 7 to 
compute the crushing moments of the various sections. The ratios of maximum 
applied test load to calculated crushing load listed in Table 4 range from 1.00 
to 1.33, with those for the steel ratio of 0.027 very closé to 1.00. 


(a) 


Rs 


M-Diagrom 


(b) 


$-Diagram 


$ M/E 6 CH, 


(d) 


$-Diagram 


Conjugate 


Concentrated plastic rotations 


The magnitude of the concentrated plastic rotation necessary for the 
attainment of the crushing moment at all critical sections may be calculated 
from a consideration of the lack of balance or closure of the M./E.J diagram.? 
For example, if the load P on the two-span continuous beam of Fig. 7a is 
just large enough to develop the crushing moment M, at the first critical 
section, the moment diagram will be that shown in Fig. 7b. The accumu- 
lated plastic angle change of the solid black area in Fig. 7c will slightly increase 
the negative moment above that for purely elastic conditions, by means of a 
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small amount of moment redistribution. Although up to this load the domi- 
nant action of the beam has been elastic, further increases will cause spread- 
ing of ¢, in the vicinity of the load along with a flexural adjustment until 
the crushing moment develops at the center support as shown in Fig. 7e. 
Inasmuch as the moment of resistance of a section is not greatly increased 
by strains greater than crushing,! the load that produces M, at both critical 
sections for this two-span beam should be close to the ultimate load. 


The accumulated plastic angle change in the vicinity of the load in Fig. 7e 
is represented by the concentrated plastic rotation ©, on the idealized con- 
jugate beam of Fig. 7f, in which the small amount of plastic rotation at Re 
has been neglected. This conjugate beam may be used to obtain the magni- 
tude of 0, necessary for the formation of the moment diagram of Fig. 7d. 
The following expressions for @, and A; for the various loading conditions of 
these tests were developed by such an analysis in each case. 


Case 1 or 2 with a downward movement Ar of the mid-support: 


ehh 
Galt (6g? Hoy 8) 2 


Op = + 1a + ray 7 


Ar a — if 0, occurs at Re 
— + if ©, occurs at L/2 
de L? 
48 (1+ q)? 
de L* 
24 (1 + 9)? 


A 
(4@¢@+7¢+4+1) + > if @ occurs at Ra 
5 eee 


(2+3q —@) + Arif ©» occurs at L/2 


Case 1 or 3 with a downward movement Ar of each outer support: 


i Se ea ie Ar J+ + if ©» occurs at Rs 

OR Baitgiet | % ee — — if ©, occurs at L/2 
ob. L? Ar. 
= (492 +7¢ 41) + = if © occurs at Re 
48 (1 + q)? 2 

= x 

Ee 2 if t L/2 
Tee ee if @, occurs at L/ 


Case 4 or 5 with upward movement Ar at outer support of unloaded span: 


oe L 2 Ar 
= —  — (2? Wis} 11 
oie ee 
ob. L? Ar 
oe Og lle 6) ae 
Ai Tre ey oe q+6) +5 


Deflections at L/2 and concentrated plastic rotations computed for these 
tests by use of measured support deflections substituted in the appropriate 
~ equations above are listed in Columns 7 and 8 of Table 6. For these tests, 


a 


q 


ae 
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At maximum applied load 


Cracking at first critical section 
at mid-support 


Cracking at second critical 
section at load point 


Fig. 8—Beam 8E3, deflec- ~~ 
; tion and cracking hong 


beams with steel ratios less than 0.027 exhibited a capacity for concentrated 
plastic rotation in excess of that required in Column 8. This excess was 
utilized in raising the load above that for crushing at all critical sections 
and in adjusting to the various support displacements. Cracking of the 
critical sections at the maximum applied load was typical of that shown 
in Fig. 8. The development of cracking up to the maximum applied load was 
typical of previous tests on plastic hinging.' 


SUMMARY 


Twenty-four two-span continuous beams of reinforced concrete were tested 


to determine the manner and degree of redistribution of moment and shear 


‘ 


for extreme conditions of support displacement. Three support conditions 
for symmetrical loading and two for unsymmetrical loading were investigated. 
Top bars were extended the full length in 15 beams, and were cut off in 


‘accordance with ACI 318-56 for the remaining beams. 
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The results from the entire investigation may be summarized as follows: 


1. Redistribution of moment and shear was initiated by the beginning of 
steel yield at the first critical section, and was essentially complete at initial 
yielding of the steel at the last critical section. Increases in load beyond 
initial yielding of the steel at the last critical section were developed primarily 
by proportionate increases in resisting moments and shears, rather than by 
redistribution. 


2. The manner of redistribution of moment and shear was the same for 
all beams, irrespective of the differences in steel ratios and length of top bars. 


3. Design of the diagonal tension reinforcement to take all the shear at 
plastic collapse insured against diagonal tension failures, excepting in the 
case of 27C3 when subjected to negative bending near the ends of the cut-off 
bars. The fracture of 27C3 provides evidence that beams with cut off bars 
are susceptible to diagonal tension failure when subjected to negative bending 
near the ends of the cut off top bars. 


4. The spread of steel yield, where observed, was consistent with previous 
tests. 


5. The calculated load based upon crushing moments at all critical sections 
was less than the maximum applied experimental load, in all cases. 


6. The assumption of M, at all critical sections would provide an estimate 
for the lowest load at which redistribution of moment and shear would be 
complete. 


7. Beams with steel ratios less than 0.027 exhibited a capacity for con- 
centrated plastic rotation in excess of that required for redistribution of 
moments and shears up to the development of crushing moments at all 
critical sections. 
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Title No. 55-38 brings a report on the 
stress and strain conditions at the instant 
of cracking for small bars of cement mor- 
tar whose shrinkage was restrained from 
an early age by a centrally placed steel 
rod. Dr. Blakey shows that cracking prob- 
ably starts as a definite elastic strain in 
the cement paste phase of the mortar. He 
also reports on the creep and shrinkage 
of mortars. 


influence of water-cement ratio 


on mortar in which 
shrinkage is restrained 


By F. A. BLAKEY* 


Throughout the last half century or more much research has been done on 
the shrinkage of concrete and there is now a fairly clear understanding of the 
effect on this shrinkage of changes in any of the factors such as water-cement 
ratio and aggregate size that may be controlled during the manufacture of 
concrete. 

However, until the recent development of prestressed concrete the deforma- 
tion caused by shrinkage was seldom of practical importance; far more interest 
has been centered on the stresses set up and the consequent risk of cracking 
when the shrinkage is restrained. These stresses depend not only on the 
shrinkage of the concrete but also on its elastic and inelastic (creep) properties. 
Numerous studies of creep in concrete have been made so that the knowledge 
on this subject has now achieved much the same level as for shrinkage, but 
most of the experimental work has been done under constant. stress conditions 
and the results are not necessarily applicable to the conditions of increasing or 
variable stresses which arise from restrained shrinkage. 

Received by the Institute Dec. 30, 1957. Title No. 55-38 is a part of copyrighted J OURNAL OF THE AMERICAN 


ConcrETE INSTITUTE, No. 5, Nov. 1958 (Proceedings V. 55). Separate prints are available at 50 cents 
each. Discussion (copies in triplicate) should reach the Institute not later than Feb. 1, 1959. Address P. O. Box 


4754, Redford Station, Detroit 19, Mich. | 7 ak ee 
*Officer-In-Charge, Mechanics and Physics of Materials Laboratory, Division of Building Research, Common- 


wealth Scientific and Industrial Researe Organization, Melbourne, Australia. 
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A number of investigators have made a direct approach to the problem of 
restrained shrinkage and cracking, using methods similar to those adopted 
here, and their work has been reviewed elsewhere.* The results were not 
entirely conclusive and further research is justified. In particular there was 
little information on the stresses and strains which actually cause cracking 
under the slow rate of loading imposed by restrained shrinkage, and the present 
investigation was made to obtain further information of this sort. 


MATERIALS AND TESTING PROCEDURE 


Ordinary portland cement from a blend of five bags of one brand complying with Aus- 
tralian Standard A.2 was used. Fractions were taken from two natural quartz sands to give a 
gap graded material with a particle size distribution as shown below: 


Sieve fraction (Tyler) Percent by weight 
8—14 61.4 
14—28 _ 
28—48 — 
48—100 25.8 
100— 12.8 


This rather unusual grading was chosen after a few preliminary tests because it was found 
to allow much easier compaction than either of the sands alone or a direct mixture of the two. 
The specific gravity of the sand used was 2.63. 


Mixing and placing 

Throughout the experiment the sand-cement ratio was kept constant at 3:1 by weight, but 
water-cement ratios by weight were 0.4, 0.5 or 0.6. The sand and cement were mixed dry in a 
pan mixer 30 sec, then the water was added and mixing continued for a further 2 min. After 
the material was placed in the molds it was compacted by vibration. The method of vibra- 
tion and the time for which it was applied were varied according to the apparent requirements 
of each mix to achieve full compaction. Full compaction was assumed to have been reached 
when air bubbles ceased to rise from the mix and a continuous film of water just formed, 
but it was found subsequently that small amounts of air were retained in the 0.4 and 0.5 water- 
cement ratio mixes when this stage of compaction was reached. 


Specimens 


Three mixes were made for each water-cement ratio and from each mix 18 bars 1 x 1 x 11.25 
in. were made. Twelve bars were used in pairs for the determination of the modulus of rupture 
at demolding and then at ages of 3, 7, 14, 21, and 28 days. Two bars were used for determina- 
tion of the modulus of elasticity by flexural vibration at successive ages. 


11.25 ~ 
sealed rubber tube 


stee/ rod 


Fig. 1—The test specimen 
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Two bars with small stainless steel end plugs were used for the measurement of free shrink- 
age in air. Two bars with 14-in. steel rods placed centrally through their length were used to 
examine the behavior of the mortar under partial restraint. Fig. 1 illustrates the type of 
specimen used. 


Testing procedures 


Specimens were demolded 22 hr after casting and stored in air at 70 F, 50 percent relative 
humidity. The output from the strain gage on the restrained bars was recorded on a chart 
every 3 min from the time of demolding. As shrinkage progressed the central rod was com- 
pressed and a continuously increasing strain was recorded. When the mortar cracked there 
was a sharp change in the strain reading, and it was found possible to read from the recorder 
chart the time to within 3 min at which the change in strain occurred. 


Because there was no temperature compensating gage the strain gage record was not used for 
strain readings, but the actual contraction of the steel rod was measured in the dial gage com- 
parator used for the free shrinkage measurements. 


Readings of shrinkage, contraction, and modulus of elasticity were taken at suitable intervals 
of time. Specimens were weighed before measurement to determine the change of weight 


- with time. 


STRAIN CALCULATIONS 


From the measured contraction of the steel rod the stresses in steel and mortar and the 
strain in mortar were calculated. It was assumed that the strain in steel and mortar increased 


linearly from a free end along the section in which the end lugs were situated, and was uniform 


over the center 6 in. in which the rod was encased in a rubber tube. This gave a trapezoidal 
strain distribution along the bar as shown in Fig. 2. 


The measured contraction of the rod repre- 
sents the average strain over the whole rod, 
so that for an assumed distribution the maxi- 
mum strain over the gage length may be 
calculated. Alternative distributions of strain @ 
cerfer 


(e.g. parabolic) were assumed over the ends, 
but as these made little difference to the Gage / BA Ud 


calculated maximum strain the linear distri- Fig. 2—Trapezoidal strain distribution 
bution was adopted for simplicity. along the bar 


If «. = strain over gage length, then the co rresponding stress 


Gar IO 


~ and since the tension 7' in the mortar must equal the compression C in the rod 


Ag Or = Ac; 


where A, is the cross-sectional area of the rod, A is the cross-sectional area of the mortar, and 


co, is tensile stress in mortar. Therefore 


SL 
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The elastic strain in the mortar may therefore be defined 


where E is the value of the modulus of elasticity of the mortar determined by nondestructive 
testing at the appropriate time. 

The strain ¢, represents the strain in the steel due to stress and it also represents the shrinkage 
of the restrained mortar. The strain ¢ due to stress in this mortar will be the difference between 
ce, and the free shrinkage strain ¢.. That is, 


ec. nus 


eis determined from Eq. (3) and e, from Eq. (2) so that e, can be calculated. 


TEST RESULTS 


The results from individual specimens are shown in Table 1. When the 
recorder failed for a period, the cracking times were noted as half way between 
the last reading at which the specimen was not cracked and the reading at 


€ Wh eg = pw Bees ow Us Osc ew the vo ee (3) 
This total strain « may be considered to consist of an elastic and an inelastic or creep strain 


TABLE 1—CONDITIONS AT CRACKING OF 1:3 MORTARS 


Cracking time 
Air — ————_ >», ——_ ——--_- Elastic Inelastic Unit 
Mortar content, Hr after strain, strain, shrinkage 
percent* Hr after shrinkage in, per in. in. perin.| at time of 
drying commenced X 10-5 X 10-5 | cracking, in. 
commenced | (approximate) perin. X 10-5 
W/C =0.4 
1st replicate 10.7 26.3 59.0 
; 8.2 8.4 34.0 
2nd replicate NC NC NC 
; 10.3 30.7 66. 
3rd replicate 8.8 23.9 51.5 
9.4 = 0.14| 44.1 73.5 
Average 9. _- 56.9 
W/C =0.5 
Ist replicate 9.3 44.2 67.5 
“ NC NC NC 
2nd replicate 12.3 17.0 47.5 
: 12.1 4.2 34.3 
3rd replicate 10.3 25.7 53.2 
9.9 13.5 40.0 
Average 10.8 _ 48.5 
Set sopiioain 
st replica 11.4t 32.5 56.5 
: 37.3 12.8 9:6" ae Bt 
2nd replicate 42.5 o& 5-bt 27.5 = 5.5 11.4 = 0.8 15.4 39.5 
‘ 39.7 = 8.27 | 24.7 = 8.2 14.5 = 1.3 7.4 37.5 
3rd replicate |; 51 3 36 = 3 8.9 = 0.2 26.6 46.5 
40 + 8 25 = 8 cats 0.4 15.4 35.3 
’ — 1.3 
Average 52 87 11.3 —_ 43.4 


*Calculated from weight and vol f the speci own properti consti’ 
Recorder did not Semen on spore ee eee “ Ne est 
Calculated from measurement prior to cracking. 

C = not cracked. 
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which it was first found cracked. Thus AGE, GY, IFO “CASTING 8 


4 


a cracking time recorded as 153 = 33 
hr means that the recorder failed for 20 
66 hr and that the specimen was not 
cracked at 120 hr but had cracked at 
186 hr. When this happened there oe 
was a similar uncertainty about the 
stress and the strain at failure and 
these results are also shown with 100 fe 

appropriate tolerances. LG0_150 


40 


x /st Replicate 
© 2nd Replicate 
4 3rd Replicate 
ean 


There is a wide difference in the 
cracking times of specimens of the 


same mix and although the average { 42} 

cracking time decreases with increas- x ss 
ing water-cement ratio these differ- y 

ences are not statistically significant. * % x 
Later it will be shown that large § rh oe 
differences in the time of cracking can 8 0 : 
be expected even for very small 5 ‘ — gee 
differences in the properties of the R 2o| § 

specimens. The decrease of tensile 

stress with increasing water-cement ai 

ratio is statistically significant at the — 60} LUBA ES 

1 percent level. This was expected as —— . 

an obvious consequence of increased Be —~ ° ae 
strengths from lower water-cement = /0} . coi ate 
ratios. In contrast to the tensile 

stress figures, the elastic strain is Fig. 3—Unit shrinkage with age 


much more uniform. With inelastic 
strains there is again a very wide scatter of results. 

Fig. 3 shows the shrinkage of each mortar mix, each point representing the 
average results from two specimens. For a short period after demolding, 
varying with the water-cement ratio, the shrinkage is negligible; for the next 
few days the shrinkage is fairly rapid, but after 14 days the rate has decreased 
considerably and from then on is almost linear on a logarithmic scale. 

Up to 7 days the differences of shrinkage between the three replications of 


~ each water-cement ratio are not great. The loss in weight curves (Fig. 4, 5, 


and 6) show the excellent agreement between the three replications of the 0.6 
water-cement ratio, and between two of the three replications at the other two 
ratios. 

Throughout this paper, change of weight of the mortars has been interpreted 
as change of water content. This is not strictly true because the weight is also 
affected by the reaction between the carbon dioxide of the air and cement, 
and the error will therefore depend on the extent of carbonation at any time. 
There are insufficient published data on the rate of carbonation of mortars to 


~ 
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Fig. 4—Loss in weight with 
“ io 0.4 
—/st Replicote *X age, W/ C ratio 0 
\ znd Replicote © Mean ——— 


3rd Replicate 


~ 
Ss 
— a 


w 
is} 


Loss, a5 % of weight of water originally present 
~ a 
Ss Ss 


& 


Zi Hise te, 400 
Age, days from casting 


allow a quantitative correction to the weight losses for this effect. Although 
the quoted water contents in the mortar may be in error absolutely, it is 
reasonable to assume that the error is small at early ages and that the values 
given do provide a satisfactory basis of comparison between the mortars of 
different water-cement ratios. 

Fig. 7 shows the variation of the dynamic modulus of elasticity with time. 
_ There is a greater variation between successive replications than for shrinkage 
and loss of weight, and it appears that this modulus reaches a maximum at an 
early age and then decreases slowly up to 50 days, after which it rises again. 
No great error would be introduced into calculations if it were assumed to 
remain constant once the maximum has been reached. The point at which the 
maximum is reached is not well defined, but for the water-cement ratio of 0.4 
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it is probably between 1 and 2 days after casting; for W/C = 0.5 it is close to 
2 days, and for 0.6 it is between 2 and 3 days or possibly later. 


The progress of the modulus of rupture with time up to 28 days is shown in 
E. Fig. 8. 
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Fig. 7—Modulus of elasticity Age, days from casting 
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DISCUSSION 


The results given in Table 1 support an hypothesis that the mortar cracks 
at an average elastic tensile strain of 11 X 10° independent of inelastic 
strain, water-cement ratio, and age up to 7 days. As the mortar is a hetero- 
geneous material, this strain would be the strain at which either the hardened 
cement paste breaks or the adhesion between cement paste and sand fails. 


Before this study some preliminary experiments on the restrained shrinkage 
of set cement paste were made. These 


Replicate 2 
ee AE MES, experiments were done without the 
as Bore —— oan automatic recorder to measure the 
gar ea) EAS eee e time of cracking and showed a very 
7 wide scatter of results, but the 
Shes el \ o 2 average elastic strain in the cement 
ca ‘ aa! /_ paste at failure was about 25 X 10.-§ 
/ “sa The difference between this strain 
3 . 4 and the cracking strain of the mortar 
7 Fe may be explained in two ways. Either, 


as suggested above, the mortar strain 
is that at which the cement paste 
matrix and the sand separate, or 
alternatively, the shrinkage of the 
cement paste around the sand causes 
an elastic strain of about 14 X 10-5 in 
the paste so that a further applied 
strain of 11 X 10-5 would cause crack- 
ing of the paste. It is not difficult to 
show that this latter explanation is 
quite feasible, although no estimate 
of its probability can be made without 
much more extensive data on the 
Rony ie eae, Fey ~° creep properties of set cement paste 
at an early age, and on the elastic 
properties of the aggregate. 


Modulus «of rupture, psi & 


Fig. 8—Modulus of rupture 


The variation of the modulus of rupture with time as shown in Fig. 8 may 
be considered as evidence supporting the theory that the cement paste cracks 
first. At the 0.4 and 0.5 water-cement ratios the modulus of rupture rises 
to a maximum and then drops. This behavior is most marked at 0.4, less 
so at 0.5, and absent at 0.6 water-cement ratio. Such a decrease in strength 
after a maximum could result from the cracking of the cement paste phase of 
the mortar, as it shrinks against the restraint offered by the aggregate. 


The restraint offered by the aggregate to the paste shrinkage will be great- 
est in the 0.4 mixes, where the ratio of paste to sand is approximately 1:1.57 
by volume, and least in the 0.6 mixes, where the ratio of paste to sand is about 
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1:1.23, so that the probability of cracking of the cement paste in mortars in- 
ereases as the water-cement ratio decreases. It is impossible to provide a 
quantitative expression of this behavior because of the difficulty—perhaps 
impossibility—of measuring the modulus of elasticity of the sand grains, and 
of producing cement paste specimens with water-cement ratios of the order of 
0.5 and 0.6. Bleeding would undoubtedly alter the effective proportions of 
pastes mixed with high water-cement ratios so that the properties thus de- 
termined would have little relation to the paste phase of a mortar which it was 
intended to simulate. 


From a practical point of view it is necessary to be able to calculate whether 
or not the elastic strain of 11 X 10-5 will be reached under given conditions of 
restraint. This requires knowledge of the creep characteristics of the material. 
Attempts were made to find an expression for the inelastic strain in terms of 
stress and time but generally the data were insufficient. It appeared that 
the form of the expression varied greatly for different mixes and therefore 
had little practical value. 


Relationship between creep and shrinkage 


Several workers (e.g., Lynam?) have suggested that there is a relation be- 


_ tween creep and shrinkage. Fig. 9, 10, and 11 show plots of shrinkage against 


creep, or inelastic, strain. For the first 2 to 214 days the rate of creep with 
shrinkage is low, but after this time it increases. In the latter period the rate 
of creep appears to be independent of water-cement ratio; the gradient of 
the curves at this stage is about 0.8. The average elastic cracking strain for 
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Ne Fig. 10—Relation of inelastic 

strain to unit shrinkage, W/C 

ratio 0.5. Two specimens of 
each. NC = not cracked 
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the mortars is 11 X 10.-5 For each water-cement ratio it is possible to caleu- 
late the shrinkage which would produce this elastic strain in the absence of 
creep. In each of Fig. 9, 10, and 11 a line is drawn with gradient of unity and 


7 passing through this calculated value of shrinkage. Any curve parallel to this 
line L represents a condition in which all the continuing shrinkage is being 
dissipated by creep. The line L itself represents the balance between creep 


an and shrinkage for an elastic strain equal to the cracking strain 11 X 10.75 
Any specimen should crack when its curve intersects the line L. It can be seen 


7 that only a small change in the rate of creep over the first 2 days would alter 

markedly the point at which a particular curve cuts the line L, and therefore _ 
“ke changes greatly the time at which cracking might occur. Thus, even when _ 
ay ; : é : P . 

there is very little difference between most properties of specimens their _ 
‘ cracking times may differ greatly. This feature is shown more simply in — 
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Fig. 12 which illustrates the growth 


with time of elastic tensile strain for 


the restrained specimens. It can be 
seen that most of the curves rise 
steeply for a short time, after which 
the gradient rapidly decreases until 
they are almost parallel to the line U 
of average ultimate strain, and that 
small differences in gradient in this 
latter stage would greatly alter the 
time at which ultimate strain is 
reached. 


Influence of moisture content 


Instead of considering the loss of 
water of the mortars, as is done in 
Fig. 4, 5, and 6, the emphasis may be 
placed on the water retained by the 
specimens. This may be expressed 
as a percentage by volume of the 
cement paste phase of the mortar, 
and the variation with time of this 
water held is shown in Fig. 13. The 
results are the average of the three 
replicates for each water-cement ratio. 
About 12 hr after demolding there was 
no significant difference between the 
amounts of water remaining in the 
specimens of each of the three water- 
cement ratios. 

It would be expected that the water 
loosely held in capillaries would be the 
first to be lost. This has no influence 
on the volume change of the material 
until the water held has been reduced 
to between 42 and 46 percent of the 
paste volume. The time at which the 
rate of creep with shrinkage increases 
cannot be exactly defined but it would 
correspond to a water content of 
about 36 percent of the paste volume. 

Other writers (Neville*) have sug- 
gested that creep may be associated 
with a redistribution or change of 
moisture content of concrete. As a 


a. 


ma 


8 /o 


(2) 


50 /00 150 200 250 300 


Elastic strait, in pert 


U 
/st Replicate 
2nd Replicate 
3rd Replicate 


W/C= 0.6 


50 /00 /50 200 250 300 
Age, tr. after casting 


Fig. 12—Elastic strain. Two specimens of 


each. U = average ultimate strain. 
NC = not cracked 
7 
WIC=04 ——-—0O 
WiC =05 ———xX 
W/C =.0.6 ———A 
é60r ear7y 
\ 
v * 
wv 
8 50 \\ 
Q Vy 
nw 
oN 
840 
wy 
9 
, 
850 Oma Q g Q 


& 
Ss 


Shrinkage starts 
Creep increases —~— 


Woter held, % hy volu 
Ss 


° 


fe ae SOS ie See) Z0 30 
Age, days from casting 


Fig. 13—Water held in cement paste 


2 


5 Nal 


S 
=< 


Pri 7 ten 
—- 


re} 
Paees 
Ae. oy * = 


en Las 
a 


602 


slight elaboration of this theory it is suggested that the rate of creep for the 
early shrinkage is low because the deformation of the gel is restricted by the 
movement of water in the capillaries, which contain more water at this stage 
The volume of capillaries will increase with increasing water- 
cement ratio* so that a greater loss of water should be expected for a higher 


than later. 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


November 1958 


water-cement ratio. At a certain level of water content the capillaries become 
sufficiently empty that the water in them no longer impedes the deformation 


of the cement gel. 


section of the curves in Fig. 9, 10, and 11. 


This condition is represented by the steeper gradient 


As there is little or no difference 


in the constitution of the cement paste in the three cases, the relation between 
shrinkage and inelastic deformation becomes independent of the initial water- 


cement ratio. 


ADDITIONAL TESTS 


A few additional tests were carried out to examine further some of the 
hypotheses derived from the results of the main series of tests. So far, the 
evidence seems to favor slightly the theory that cracking in the restrained 
specimens begins in the cement paste phase. If this is correct then the crack- 
ing strain should decrease as the amount of sand in the mortar increases. 
Three mixes were made therefore; one of pure cement paste, one with a sand- 


cement ratio of 1.5:1 by weight, and a third with a sand-cement ratio of 3:1. . 


All had the water-cement ratio 0.4 by weight, and two restrained specimens 
similar to those used previously were made from each mix and treated in the 


same way as in the main tests. 
set out in Table 2. 


Results of these supplementary tests are 


Although it is impossible to draw definite conclusions from so few tests it 
appears that there is a tendency for the elastic cracking strain to decrease 
with increasing aggregate content. This supports the theory that the crack- 
ing starts in the cement paste, as it shows that greater strains are developed 
in the cement paste with increasing restraint of the paste by the aggregate 


~ and the extra strain required to cause fracture decreases. 


Note that the elastic cracking strain of the pure cement paste is much less 
than that quoted earlier (p. 594) from preliminary tests, and the elastic 
cracking strain of the 1:3 mortar is also much less than that for a similar mix 


in the main experiment. 


Mix Air Time of 
content, | cracking, psi 


percent hr 


er | a | ee | en | 


1:0 0 31—48* 


21—31* 


87.3 
41 


31—98* 
23 


1:14 0 


1:3 


3,25 


*Cracked within the range given. 


~ TABLE 2—CONDITIONS OF CRACKING AT 0.4 WATER-CEMENT RATIO 


Inelastic ter-ce: 
strain, at cracking, | Shrinkage a pr 
in. per in, in, per in. starts ight when 
xX 10-5 xX 10-5 after: i starts 
48.2 | 25—73* 
a ge 12 hr 0.32 
17.9 30 
21.9 36.5 es nets 
25—53.5* : 
AP me 5 hr 0.33 
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The cracking times in these additional tests are generally much less than 
those noted earlier for 0.4 water-cement ratio, and these low results may in- 
dicate that the cracking strain is time dependent, at least at very early ages. 

The cement for these supplementary tests was of the same brand as that 
used in the main experiment but from a different batch, and this may also 
contribute to the variation in results. 

The water-cement ratio at the start of shrinkage ranged from 0.32 to 0.34, 
which represents a water content held in the paste of between 44 and 47 per- 
cent. This checks fairly well with the range from 42 to 46 percent (Fig. 13) 
for the main experiment. That this water content is roughly constant sug- 
gests that there may be two distinct water phases, as in timber, only one of 
which influences shrinkage. It is, for example, conceivable that the difference 
is between capillary water and gel water, but again this remains to be proved. 


CONCLUSIONS 


1. The most likely criterion of failure for mortars under uniaxial stress 
arising from restrained shrinkage is maximum elastic tensile strain. Within 
the range covered by the main experiment the criterion is independent of 
water-cement ratio and time of failure. There is some indication that the 
cracking strain may be time dependent at very early ages. 

2. Although the evidence is not conclusive it appears most likely that the 
cracking during air drying starts in the cement paste and not in the bond be- 
tween paste and aggregate. 

3 If the water retained in the 1:3 mortar at any age is expressed as a per- 
centage by volume of the cement paste phase, this percentage becomes in- 
dependent of the initial water-cement ratio within a few hours of the commence- 
ment of drying. 

4. No appreciable shrinkage occurs in the mortar until the water retained 
has been reduced to about 45 percent of the volume of the cement paste phase. 

5. The creep in the mortars is low for the first two or three days of the dry- 


ing period but then increases. 
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Title No. 55-39 


BLAST AND EARTHQUAKE 
RESISTANT DESIGN DATA: 


behavior of one-story 
reinforced concrete shear 
walls containing openings 


By JACK R. BENJAMIN and HARRY A. WILLIAMS t 


A number of scale model one-story reinforced concrete shear 
walls containing openings were tested as a part of a major study 
of shear walls. This paper reports on the observed behavior, theo- 
retical studies, and recommendations for analysis of such walls. 
Studies of the influence of variations in reinforcing are included. 


@ A general investigation of the strength and behavior of shear walls, some 
of which contained openings, was conducted at Stanford University during 
1951-56. The work reported herein was performed under Contract DA 
49-129-Eng-193 with the Office of the Chief of Engineers, Department of the 
Army. Many of the theoretical studies reported herein were made by Robert 
H. Stivers.t Complete discussions of all work undertaken are to be found 
in two reports by the authors.’ 

The purpose of the investigation was to develop data on the behavior 
of shear walls containing openings which could be used in the design of struc- 
tures to resist atomic blast loads. The behavior of concrete walls with solid 
panels is discussed in another paper by the authors.* The approximate 
analysis of shear walls containing openings is discussed in a bulletin by the 
Portland Cement Association.‘ Several Japanese investigators have also 
studied the problem.*"° 

This paper is concerned with the behavior of one-story reinforced concrete 
shear walls containing openings. The general types and the loading arrange- 


* a paper presented at the tenth ACI regional meeting, Seattle, Wash., Nov. 5, 1957. Title No. 55-39 
is xe ay bi ceryigtied JOURNAL OF THE AMERICAN CONCRETE INSTITUTE, V. 30, No. 5, Nov. 1958, Proceedings 
V. 55. Separate prints are available at 50 cents each. Discussion (copies in triplicate) should reach the Institute 
not later than Feb. 1, 1959. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. : : 
ican Concrete Institute, Associate Professor and Professor of Ciyil Engineering, respectively, 


» 605 


en al a 


7 


20 ee 


= 
» 
“it 


oes 


606 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1958 


DISTRIBUTING BEAM 


TEST PANEL 


COMPRESSION COLUMN 


TENSION COLUMN 


TYPE C 


Fig. 1—Shear wall specimens and methods of loading 


ments are shown in Fig. 1. The wall is loaded through a distributing mem- 
ber at the top of the wall. This may be a beam or a floor diaphragm. Both 
tension and compression columns are provided and the wall is supported on 
an essentially rigid foundation. The tension and compression columns may 
have the same thickness as the panel but are provided with special steel in 
any case. Special steel is provided around the wall openings. ¢ 


Two different investigations were made. The first study was concerned 
with means of analyzing and predicting the behavior of shear walls containing 
openings of various types. Special steel was provided around the openings. 
It was kept constant in quantity and was similar to conventional practice. 
The objective of the second series of tests was to study the influence of open- 
ing steel of various types. In the first study, openings were found to decrease 
both strength and rigidity compared to a solid panel. The second series of 
tests was then designed to see if these influences could be modified by changes 
in the special steel around the openings. 


TABLE 1—OPENINGS IN PANELS OF H-SERIES MODELS 
(See Fig. 3) 


Specimen | Number and type of Height and width Location, in. 
No. openings of opening, in. ; Remarks 
a 
H-1 and H-3 One window 11x19 19.5 11.5 See Fig. 6 and Note 1 
a ae H-4 One door 22x19 19.5 11.5 See Fig. 6 nA Note 1 
-5 an 
H-5a One window 6x6 26.0 13.75 See Fig. 
-6 One window 6x6 40.5 22.1 See rie 6 
H-7 First door 22.4 x 13.6 8.6 11.1 See Fig. 6 
Second door 22.4 x 13.6 35.8 i Oe 
H-8 One window 11.2 x 13.6 8.6 122 See Fig. 6 
One door 22.4 x 13.6 35.8 LL. 
HS |. First door 26 x 22.2 0 7.5 
Second door 26 x 22,2 30.5 7.5 
Notes: 
1. All 


Tonings panels except H-1 and H-2 were reinforced with $2 bars at 4.9-in. centers both ways (0.5 percent rein- 
2. oe additional #2 bars were provided around all openings. 
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Fig. 2—Schematic representation of distortions of shear wall opening 


Considerable variation in experimental results always occurs. The problem 
then is to find means of predicting the mode of behavior and the load-deflection 
curve within reasonable limits. 


MATHEMATICAL INVESTIGATIONS 


Extensive mathematical studies were made during the program.' They 
ranged from the approximate Portland Cement Association procedure* to 
approximate theory of elasticity solutions of the walls using the lattice 
analogy.!:12, The lattice analogy solutions gave the best results and the 
best insight into the wall behavior. However, the procedures are most com- 
plex and time consuming. The Portland Cement Association procedure is 
satisfactory in predicting the shear distribution between piers but otherwise 
unsatisfactory. This solution considers only the bending and shearing dis- 
tortion of the individual piers. The wall rigidities computed are much too 
large and strength calculations are in error largely because axial stresses in 
the piers are neglected. 

A satisfactory engineering solution for the linear range of behavior is 


possible using the methods of strength of materials. A complete statical 
solution is necessary and all sources of deflection must be considered. The 


, 68" 
ou 58 " 4 " 


Fig. 3—Details of H-series specimens. Left—Typical section, top beam and columns. 


Right—Dimensions 
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distortions to be considered are sketched in Fig. 2. The bending and shearing 
distortion of all wall elements must be éaleulatents The axial change in 
length of piers B and C causes a rotation of pier D and deflection of the top 
of the wall. The rotation of the top of pier A produces further lateral dis- 
tortion of the top of the wall. All of these distortions are small quantities. 
Calculations show that with many walls the bending, shearing, and rotational 
influences are all of the same relative magnitude. The load at the break in 
the deflection curve or the limit of elastic action can also be calculated satis- 
factorily using methods of strength of materials and a tensile strength in the 
concrete of 0.10 f.’. 
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Fig. 4—Load-deflection curves for H-series walls H-3 to H-6 
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Fig. 5—Load-deflection curves for H-series walls H-7 to H-9 


Ultimate load calculations are subject to considerable error. Best results 
are obtained assuming the total wall strength is the sum of the strengths of 
its individual piers. The strengths of the piers in shear can be calculated? 
as well as that in bending. Bending strength calculations are made assuming 
3 the tension column steel yields with the section cracked through to the com- 
2 ‘pression steel. The smaller of the two strengths is then the pier strength. 
; The deflection at ultimate load was found experimentally to be approxi- 
4 mately five times the elastic deflection that would be present if the wall 
acted elastically up to the ultimate load. With all walls the maximum crack 
¥ width was of the same order of magnitude asthe wall deflection at the same 
load. 


~ AY 


EXPERIMENTAL PROCEDURES 


% 


A total of 21 model walls were tested. Three model walls had solid panels 
for correlation with those containing openings. All walls were of approxi- 
mately quarter scale if a prototype with an 8 in. thick wall is considered. 
The particular studies in this report do not depend on sealing. Each wall 
can be considered a structure in itself. While extrapolation to full size walls 
may introduce some scale effect, experience indicates that it should be no 
larger than the normal scatter of results to be expected. An error in prediction 
of 10-20 percent is to be expected with shear walls with individual cases 

_- being as much as 50 percent from the mean. 
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H-7 H-8 


Fig. 6—Selected H-series specimens after testing 


The two types of walls tested are shown in Fig. 1. Type B walls were tested 
in a 200,000-lb Riehle testing machine. Type C walls were tested in a specially 
constructed shear jig.* 

Type I portland cement was used in the concrete mix with a small amount 
of additive to improve workability. Walls were damp cured for 1 week and 
then allowed to dry. The walls were tested after curing approximately 2 
weeks when the concrete strength was of the order of magnitude of 3000 psi. 
Actual strengths varied from 2510 to 3840 psi. The reinforcing steel was of 
structural or intermediate grade. All bars #3 and over were deformed while 
those #2 and smaller were smooth except for one series of tests where the #2 


bars were slightly deformed. These deformations had no apparent influence 
on the test results. 
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The test procedure consisted of applying a predetermined load and then 
reading all gages. The load level remained essentially constant during the 
reading of the gages as long as the concrete was uncracked. Once major 
cracking began the load tended to drop off somewhat during the recording 
period. 


TESTS OF TYPE | WALLS 


Two series of wall tests were run to determine the behavior of walls con- 
taining openings of conventional construction. Walls H-1 to H-9 were 
identical except for the size and shape of openings. Walls H-1 and H-2 had 
unreinforced panels and will not be discussed here. Details of construction 
are given in Fig. 3 and Table 1. Load-deflection curves are given in Fig. 4 
and 5, and typical photographs of specimens under test in Fig. 6. 

Walls H-3 and H-4 contained window and door type openings. With both 
specimens the pier on the tension end of the wall failed in shear while that 
on the compression side failed in bending. Predicted curves show good agree- 
ment with experimental results. Walls H-5 and H-6 were designed to in- 
vestigate the influence of small openings and the location of that opening. 
Predicted curves are based on a wall with a solid panel neglecting openings. 
Specimen H-5 shows excellent agree- 
ment between experiment and theory 
while that for H-6 is not as good. It 
is likely that the location of the open- 
ing in H-6 actually increased the ulti- 
mate strength over that of a solid 
panel because of the crack pattern in 


Specimens H-7, H-8, and H-9 all 
contained two openings. H-7 approxi- 
mates two doors symmetrically 
placed. One of the doors was changed 
to a window in H-8 and the limit of 
two large doors was approached in 
H-9. Elastic deflections show excel- 
lent agreement between calculated and 
experimental results. The predicted 
curves are excellent for H-7 and H-9 


while the predicted ultimate load for ra Bp eee 
H-8 is very much in error. Such 1 ee and top beam 

errors should be expected because of SANE | ° 

the complex failure patterns involved. ed png Sane ae 
Specimen H-7 exhibited both bending rise | opentags 


- and shear failures; H-8 failed in shear; Z 
~ and H-9 (not shown) appears to have Fig. 7—Details of Hll-series specimens 
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Fig. 8—Load-deflection curves for Hll-series walls 


both bending and shear failure although calculations indicate bending to be 
the most critical. 

A second series of four walls was tested with different wall proportions. 
The second series, Walls HII-1 and HII-2, had a much larger length-height 
ratio with openings in the same ratio to the total wall proportions as walls 
H-7 and H-8, respectively. Walls HII-3 and HII-4 were identical to HII-1 
and HII-2, respectively, except that the main tension and compression columns 
were eliminated. Details of construction are shown in Fig. 7. Load-deflection 
curves are given in Fig. 8 and test specimens in Fig. 9. Agreement between 
theoretical and experimental results is excellent in the uncracked range but 
less satisfactory insofar as the prediction of ultimate load is concerned. 


TESTS OF TYPE Il WALLS 
The first program of tests showed that openings reduce both strength and 


rigidity. These walls were reinforced around the openings according to a 


simple rectangular pattern with two #2 bars anchored according to con- 
ventional practice. Such reinforcing corresponds to. two #8 bars used as 
opening steel in an 8-in. wall. (This compares with two #5 bars as ordinarily 
used.) The panels were reinforced uniformly with a steel ratio of 0.005 in both 


_ directions. This ratio was selected to emphasize the influence of the panel 


steel, 
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Fig. 10—Details of HR-series specimens 
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Fig. 11—Load-deflection curves for HR-series walls 


Ten walls were constructed to investigate the influence of various types 
of special.opening steel on rigidity and strength. Walls HR-1 and 6 contained 
a solid panel while HR-2, 3, 4, 5, and 7 had various opening steel patterns. 
Details of construction are shown in Fig. 10. The opening covered the central 
1/9 of the panel area. Wall HR-2 had two #2 hooked opening bars. Two 
short diagonal #2 hooked corner bars were added with HR-3. The opening 


HR-5 HR-6 


oy Fig. 12—HR-series specimens during testing 
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steel with HR-4 was four #2 bars in 
the same pattern as HR-2. Load-de- 
flection curves are given in Fig. 11, 
and typical tests illustrated in Fig. 12. 
Study of the load-deflection curves for 
these walls shows that all three rein- 
forcing patterns had a smaller rigidity 
than a wall with a solid panel and also 
reduced strength. The corner di- 
agonal bars were more effective than 
additional straight side bars. 

Walls HR-5 and HR-7 were then 
designed to study this trend. In HR- 
5 the usual two #2 bars were used a- 
round the opening but two #2 long 
diagonal bars were added in each pier, 
crossing the corners of the opening 
and securely anchored into both the 
foundation and loading beam. The 
pier steel ratio was also increased to 
0.010. Wall HR-7 was identical to ° 
HR-5 except that the pier steel ratio 
remained at 0.005 the same as the re- 

Fig. 13—Details of specimens VRR-4 mainder of the panel. These two 

and VRR-5 walls behaved in a similar fashion. 
Compared to HR-1 and HR-6, walls 
with a solid panel, these two walls showed no appreciable reduction in 
_ rigidity or strength due to the opening. 
A second series of tests was run to check this result on a wall of somewhat 
different proportions containing a door covering 21 percent of the panel area. 
Construction details are given in Fig. 13. Specimens VRR-1 had a solid 
panel; VRR-4 contained the door opening with two #3 rectangular opening 
E bars; and VRR-5 had these rectangular bars as well as two #3 long crossed 
diagonal bars in each pier. Load-deflection curves are given in Fig. 14 and 
typical photographs of VRR-5 under test will be found in Fig. 15. Walls 
_  VRR-1 and 5 had identical load-deflection curves while that for VRR-4 
i. _ showed both a reduction in strength and rigidity due to the opening. It is 
interesting to note that the first crack in the solid panel occurred at a wall 
_ shear of 32 kips while first cracks in VRR-4 and VRR-5 occurred at a shear of 
_ 16 kips. The first crack in VRR-4 produced a pronounced disintegration 
pattern while the long diagonal reinforcing in VRR-5 appears to have re- 
___ stricted this disintegration, producing a final load-deflection curve close to 


» 


that of VRR-1. 
es These two series of tests definitely show the importance of long well- 
_ anchored rectangular and diagonal reinforcing around an opening. Further 
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Fig. 14—Load-deflection curves for VRR-series walls 
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testing is necessary to confirm the extent of the influence of this special steel 
in walls with other sizes and locations of openings. 


CONCLUSIONS 
The following conclusions were reached as a result of these investigations: 


1. The behavior of walls containing openings can be predicted. 


2. The application of the methods of strength of materials will produce 
results of sufficient accuracy for design in the elastic region of behavior. 
All deformations from bending, shearing, and axial loading must be included 
in the computation. 


3. The total wall strength is the sum of the strengths of the individual 
piers assuming each to be a separate shear wall. 


4. Long diagonal well-anchored corner bars significantly increase both 
strength and rigidity of a wall containing openings once cracking begins. 
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SYNOPSIS 


The tests reported provide data on both insulating and structural concretes 
made with typical expanded slag aggregates. The test data provide informa- 
tion on strength, durability, heat transmission, and unit weight of concretes 
made with various cement contents and amounts of entrained air. The effects 
of different aggregate top sizes and of various natural sand substitutions for 
the fine aggregate are discussed. 


eee CONCRETE has been successfully employed in both precast and 
cast-in-place concrete for many years. In recent years more designers are 
taking advantage of the reduced weight which permits savings in materials 
for foundations and load carrying members, and the superior characteristics 
in fire resistance, thermal insulation, and acoustical properties. 

Many types of lightweight aggregate have been used, including expanded 
blast furnace slag, in the production of lightweight concretes for masonry 
units and insulating and structural concretes. Although use in concrete block* 
provides the major outlet for expanded slag, its utilization in structural light- 
weight concrete is increasing. In recent years a number of large buildings have 
used expanded slag concrete to obtain significant reduction in the dead load. 

Expanded slag is a lightweight, cellular mineral aggregate produced by 
treating molten iron blast furnace slag with controlled quantities of water, 
often combined with compressed air and/or steam. It was first introduced in 
the United States about 1928. There are several methods for bringing the 
slag in contact with the proper quantities of water. ‘These procedures, in- 
cluding the pit or jet process, the Kinney-Osborne, and the Caldwell and 


*Received June 27, 1957. Presented at the 11th ACI regional meeting, Detroit, Mich., Oct. 28, 1958. ‘Title 
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Brosius machines have been described by Miller.2 All processes result in the 
same end product—a lightweight clinker, subsequently processed by crushing _ 
and screening to required sizes. 

Earlier investigations of lightweight concretes made with expanded slags 
included the work of the Bureau of Reclamation*® and the National Bureau of 
Standards.‘ Results of these investigations were combined in a single pub- 
lication on lightweight aggregate concretes by the Housing and Home Finance 
Agency.?® 

Typical present-day expanded slags vary considerably in gradation, unit 
weight, and physical properties from some of those tested in this early work, 
indicating a need for more up-to-date data. Some question also exists as to 
whether all materials included in the earlier tests were actually expanded slags. 
In fact, one reference (Reference 3, p. 594) lists two of them as “‘granulated”’ 
rather than expanded. 

Available data on lightweight aggregates and structural lightweight con- 
cretes have been summarized by Washa® and Kluge.’ Data on creep, co- 
efficient of expansion, strength, and other properties of 3000- and 4500-psi 

‘ expanded slag concretes are contained in a recent paper by Shideler.’ Results 

of these, as well as earlier tests, indicate that expanded slag. concretes have 

somewhat higher moduli of elasticity than do those made with other light- 

weight aggregates. This characteristic is important in decreasing deflections - 
of lightweight load bearing members. 

Other references containing data on the heat transmission and fire resistance 
properties of lightweight concrete made with expanded slag aggregates include 
Foxhall’s discussion of heat transmission® and the National Board of Fire— 
Underwriters reports on fire tests'® and fire resistance ratings." 


Pe eer eee ee ee ee eS 


PURPOSE AND SCOPE OF INVESTIGATION 


Although the use of expanded slag aggregates in lightweight concrete has 
been increasing, the data available on characteristics of concrete mixes made 
with typical materials and covering a wide range of cement contents and unit 
weights for the same aggregate are quite limited. Similarly, data on the 
effects of aggregate size and the use of natural sand in the mixes are lacking. 

The research program reported in this paper was therefore undertaken to 
obtain data on the strength, durability, unit weight, thermal conductivity, 
and other characteristics of concrete made with typical expanded slag over a 
wide range of cement contents (4 to 814 sacks per cu yd to include both in- 
- sulating and structural concretes). A wide range of air contents was used, 
_ and the work included a limited investigation of the effect of different top 
sizes of aggregates. Similar data, limited to structural concretes and using 
a single top size of slag was obtained on mixes with varying amounts of natural 
__-sand-as part of the fine aggregate. Coefficient of thermal expansion and 
a drying shrinkage tests were incorporated in this series. 
es Tests on two expanded slags constituted the bulk of the work, although 
__- coneretes made with two others were subjected to thermal conductivity tests. 
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No evaluation of the effects of different cements or of admixtures was con- 
sidered in the test series. 


MATERIALS AND TEST PROCEDURES 
Expanded slag aggregates 


The two expanded slags employed for the major portion of the testing program, designated 
as A and B, were selected as the result of extensive tests on the physical properties of expanded 
slags from all available sources. They are believed to be typical of such materials now being 
produced, irrespective of the expansion method used. 

Slag A was used for the main test series of both insulating and structural concretes with all 
slag aggregate, and for the investigation of effect of top size of aggregate. In addition to 
strength tests, freezing and thawing and thermal conductivity tests were made on the con- 
cretes containing Slag A. Results of physical tests are shown in Table 1. Included are the 
gradations and unit weights of the combined coarse and fine aggregates as used in the concrete 
mixes. Dry loose unit weights of the 3 in. to No. 4 and No. 4 to 0 sizes were 41.7 and 63.0 lb 
per cu ft, respectively. 

Slag B, with dry loose unit weights of 35.8 and 51.2 lb per cu ft in the 3 in. to No. 4 and No. 
4. to 0 sizes, respectively, was used in structural concrete tests in the 3g in. top size only. Mixes 
in which natural sand was used as part of the fine aggregate were made with Slag B. Specimens 
from these mixes were also utilized in freezing and thawing, thermal coefficient of expansion, 
linear shrinkage, and thermal conductivity tests. Results of physical tests on Slag B are in- 
cluded in Table 1. 

Two additional expanded slags were used in concretes subjected to thermal conductivity 
tests. These, designated as Slags C and D, had dry loose unit weights in the combined 3% in. to 
0 size (30 percent 3% in. to No. 4 and 70 percent No. 4 to 0 by dry, loose volumes) of 39.6 and 
54.2 lb per cu ft, respectively. Similar values for Slags A and B were 59.7 and 49.0 lb per cu ft. 


Natural sand fine aggregate 

A fine natural sand, physical characteristics for which are recorded in Table 1, was used as 
part of the fine aggregate in lightweight concrete mixes with Slag B. Table 1 also shows the 
sieve analyses, by weight, of the slag and sand combinations used. Proportions of 10, 20, and 
30 percent sand by dry loose volume of the fine aggregate were used. 


Cement 
All cement used in the tests came from one lot of Type I portland from a single plant. Air 
entrainment was obtained by adding a commercial air-entraining agent at the mixer. 


Concrete mixing and curing procedures 

The aggregates, in a room dry condition, were placed in a tub-type laboratory mixer and a 
part of the mixing water was added. The mixer was then turned on for a few revolutions to 
distribute the water through the aggregate. The batch was then allowed to stand for 5 min to 


- permit absorption of water by the aggregates. The cement, remainder of the mixing water, and 


air-entraining agent were then added, and the mixing continued for 5 min. 

The slump and plastic unit weight tests were run at the end of the mixing period and the air 
content was determined by the volumetric method (ASTM C 173). 

Sufficient concrete was mixed in one batch to make all specimens for a given mix design. 
Specimens were molded, covered with wet burlap, and allowed to remain in the mixing room 
over night. Molds were then removed and the specimens were stored in a moist room at 
approximately 72 F and 100 percent relative humidity until tested. 


Strength tests 
Tests for both compressive and flexural strength were conductedon specimens continuously 


~ moist cured until time of test. Procedures followed ASTM methods in general with 6 x 12-in. 


_ Absorption, percent 
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cylinders used for compression tests and 3 x 4x 16-in. beams for flexure. The beams were 
tested with the 4-in. faces vertical, using third-point loading on a 12-in span. Three specimens 
were tested from each mix at each test age. 


Freezing and thawing tests 

The freezing and thawing tests were made on 3 x 4x 16-in. beams. At the age of 26 days the 
specimens were removed from the moist room and immersed in water for 48 hr prior to the 
first freezing cycle. One cycle per day was obtained, freezing in air at —10 F for 20 hr and 
thawing in water at 40 F for 4 hr. Dynamic moduli of elasticity measurements were made 


TABLE 1—PHYSICAL TESTS OF AGGREGATES 


Expanded Slag A 


Combined aggregates*— 
Coarse aggregate Fine coarse and fine 
3% in.—_No. 4|4 in.—No. 4/34 in—No. 4) No. 4-0 % in—O % in—0 34 in.0 


Sieve analysis, 
percent passing: 


34 in. 100.0 100.0 - 
in, 100.0 55.0 100.0 81.9 
in, 100.0 60.0 33.0 100.0 87.4 73.0 
No. 4 0 0 0 100.0 77.9 68.6 59.7 
No. 8 73.0 56.9 50.1 43.6 
No. 16 46.8 36.5 32.1 27.9 
No. 30 31.0 24.1 21.3 18.5 
No. 50 21.2 16.5 14.5 12.7 
No. 100 14.2 11.1 9.7 8.5 
No. 200 8.6 6.7 5.9 §.1 
Fineness modulus 6.00 6.40 6.67 3.14 3.77 4.16 4.56-48 
Weight per cu ft, lb 
Dry loose 41.7 43.2 42.5 63.0 59.7 59.0 58.5 
Dry compact 48.8 50.6 49.8 73.6 69.8 66.8 67.0 
Absorption, percent 8.0 a 7.5 3.6 


Bulk specific gravity, 
dry 


*Proportions of coarse to fine aggregate by dry loose volume were: 
% in,.—0: 30-70; 44 in.-0: 40-60; and 84 in-O: 50-50. 


—_-_ Orr 


Expanded Slag B and Natural Sand Aggregates 


; Combined aggregates 
Slag Natural Slag plus natural sandt 
coarse ne sand All —-—— 
: aggregate | aggregate slag 10 percent | 20 percent | 30 percent 


eo OO O OO | | | 


Sieve analysis, 
pereent passing: aA A 00:8 
in. 100.0 100, 100.0 100.0 : 
No. 4 0 100.0 99.4 77.0 78.2 79.5 100: 4 
No. 8 77.8 96.4 59.9 63.4 66.6 69.4 
No. 16 54.6 84.8 42.0 46.8 51.1 54.8 
o, 30 36.6 69.5 28.2 33.0 37.3 41,2 
o. 50 22.4 45.0 17.2 20.5 23.5 26.1 
No. 100 10.4 9.8. 8.0 8.1 8.2 8.2 
o. 200 4.2 2.0 3,2 3.0 2.8 2.6* 
Fineness modulus 2.98 1.95 3.67 3.51 3.34 3,20 


Weight per cu ft, lb, 
Dry loose 
Dry compact 


a 
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cw 
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Bulk specific gravity, 
dry 


= tPercentage of natural sand shown is by dry loose volume of fine aggregate only. Coarse and fine aggregates _ 


combined on 30-70 basis by dry loose yolumes. 
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periodically in accordance with ASTM C 215. Two specimens were tested to represent each 
mix. 


Thermal coefficient of expansion and drying shrinkage 

Specimens 3 x 3x 19 in., with stainless steel studs molded in the ends for reference points, 
were used for the coefficient of thermal expansion and drying shrinkage tests. Effective gage 
length of the beams was 1714 in. Length measurements were made on a laboratory built com- 
parator consisting of a channel frame with one fixed gage point and an Ames dial at the other 
end. An Invar reference bar standard was used to compensate for temperature effects on the 
comparator. ‘ 

At the age of 5 days the specimens were removed from the moist room and immersed in water 
at a temperature of 72 F for 5 days. Initial length and weight measurements were then taken. 
Using single specimens from each mix, the coefficient of thermal expansion was determined for 
the saturated specimens, obtaining the temperature changes by means of water baths main- 
tained at 35, 72, and 145 F. Linear shrinkage was then measured over a period of 100 days 
drying in laboratory air. This was followed by oven drying and measurement of the co- 
efficient of expansion of the dry specimens. 


re 


> 


“~ 


Absorption and oven dry unit weight 

The oven dry unit weight and absorption values for each mix were obtained from one 6 x 12- 
in. cylinder. Specimens were immersed in water for 24 hr after 28 days of moist curing. They 
were then weighed in water and surface dry in air. This was followed by oven drying to obtain 
the final dry weight. 
Thermal conductivity tests 

Slabs 114 x 12 x 12 in. were used for the thermal conductivity tests. The guarded hot plate 


method (ASTM C 177) was used. All specimens tested had 28 days moist curing. The slabs 
were then oven dried and both sides were ground to produce plane surfaces. This was followed 


by redrying in the oven prior to test. 


TEST RESULTS AND DISCUSSION 
Strength tests 

Compressive strength tests were conducted on all mixes for both insulating 
and structural concrete after 7 and 28 days and 1 year of continuous moist 
curing. Seven and 28-day flexural strengths were also determined for each 
mix using the 3 x 4x 16-in. beams. 

Slag A: 3% in. to 0 size—Data on mix proportions and strengths of insu- 
lating and structural concretes made with Slag A with 3-in. top size material 
are shown in Table 2. Mixes were included with design cement contents of 4 
and 514 sacks per cu yd for insulating concretes and 7 and 814 sacks for struc- 
tural concretes, using a wide range of air contents for each cement content. 

Twenty-eight day compressive strengths of the insulating concretes ranged 
from 560 psi for a 3.92-sack mix with 24 percent air to 1650 psi for a 5.95-sack 
mix with approximately 10 percent total air. Corresponding oven dry weights _ 
of these concretes varied from 82 to 97 Ib per cu ft; wet weights of the plastic 
~~ eoncretes from 86 to approximately 107 lb per cu fic 

Although some of the structural concrete mixes had high air contents and 
slumps, all 28-day compressive strengths were over 2000: psi; ranging from 
9100 for a 7.41-sack mix with 14 percent air to 3780 for-an 8.69-sack mix with 

9 percent air. Unit weights for these concretes were, of course, somewhat 
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higher than for the insulating concrete mixes. Oven dry weights varied from 
91.6 to 102.7 lb per cu ft; wet weights from 98.6 to 110.6. 


Flexural strengths were quite high compared to the compressive values. 
For the structural concrete mixes, 28-day flexural strengths varied from 490 
to 735 psi, representing 19 to 28 percent of the compressive strengths at the 
same age. The flexural strength represents an even higher percentage of the 
compressive strength in the weaker insulating concrete mixes. For these 
mixes, the flexural strengths of 240 to 465 psi correspond to 28 to 43 percent 
of the compressive strengths. 


The relationships of cement factor, air content, oven dry weight, and 28-day 
compressive strengths for all concrete in this series are shown graphically in 
Fig. 1. The insulating concrete mixes required high amounts of air for work- 

ability and had correspondingly low weights and strengths. In the structural 
concrete mixes the effect of air content on strength is more pronounced than 
for the lean mixes, as shown by the flatter slope of the curves. This shows the 
importance of keeping air contents as low as is consistent with proper work- 
ability for high strength structural concrete made with expanded slag. On 
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concrete made with Slag A—%-in. to 0 size. (Cement factors shown are averages for 
the three mixes represented by each solid line. Numbers adjacent to plotted points 
show air contents of the mixes) 
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Fig. 1—Relationships of cement factor, air content, weight, and strength of lightweight . 
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TABLE 2—INSULATING AND STRUCTURAL CONCRETES MADE WITH EXPANDED 
SLAG A (% IN. TO O SIZE) 


: Insulating concrete Structural concrete 
Design cement 
g content, sacks per 
: cu yd 4 5% 7 84 
a Mix No. 1 2 3 4 5 6 iG 8 9 10 11 12 
ia Actual cement 
content, sacks per 
cu yd 4.46 | 4.08 | 3.92 | 5.95 | 5.45 | 5.51 | 7.59 | 7.41 | 7.18 | 8.69 9-25 | 9.06 
, Total water, 
e gal. per cu yd 66.3 |-60.1 | 54.3 | 70.2 | 57.0 | 55.1 | 67.3 | 61.4 | 60.3 | 67.1 65.1 |) G1 73 
Dry loose volume of 
aggregate, cu ft per 
’ sack of cement 
Fine 4.70 | 4.83 | 4.70 | 3.62 | 3.42 | 3.30 | 2.75 | 2.60 | 2.56 2.29 | 2.08 | 2.00 
Coarse 2.02 | 2.07 | 2.01 | 1.55 | 1.47 | 1.41 | 1.18 | 1.11 | 1.10 0.98 | 0.89 | 0.86 
: Combined 6.37 | 6.54 | 6.37 | 4.90 | 4.63 | 4.47 | 3.72 | 3.52 Se Sie ee zetsh ol) 27a! 
~ Weight per cu ft of 
plastic concrete, lb 99.0 | 91.7 | 85.6 |106.8 | 92.4 | 90.6 |109.6 |102.3 98.6 |110.6 |109.8 |104.7 
Air content, percent 14.8 | 19.5 | 24.0 | 10.3 | 20.0 | 23.0 9.8 | 14.3 | 18.0 S27 | £029 | sae 
Slump, in. 234 4 634 1 6 6% 3y 6 6% 44 434 64% 
Weight per cu ft oven 
Vv; 91.1 | 85.5 | 82.0 | 97.4 | 88.9 | 87.2 |101.2 | 95.1 91.6 |102.7 |101.2 | 97.6 
24-hr absorption, 
Tb per cu ft 15.3 | 14.8 | 12.2 | 15.7 | 18.2 | 12.5 | 13.9 1228) | 12224) 1355 ||) 1268) | el220 
_ Compressive strength, * 
Si 
é 7 days 500 430 380 980 720 700 | 1830 | 1610 | 1250 | 2190 | 2340 | 1970 
28 days 840 650 560 | 1650 | 1120 | 1260 | 2860 2100 | 2130 | 3780 | 3480 | 3210 
1 year 1680 | 1500 | 1020 | 2560 | 2000 | 1820 | 4050 3290 | 2950 | 4770 | 4890 | 4050 
Flexural strength,* psi 
7 days ‘ 205 160 160 345 285 295 505 460 400 585 640 555 
28 days 310 280 240 465 435 400 700 595 490 735 730 725 


*Strength test results are averages for three specimens from each mix. 


the other hand, lean, high air content mixes may be employed where insulating 
“properties and low weight are the most important characteristics. 


A graph of the type shown in Fig. 1 could be used to determine the proper 
cement factor and air content to produce lightweight concrete having the 
desired dry weight and compressive strength for a given use, whether insulat- 
ing or structural grade concrete was required. This particular figure repre- 
sents a typical slag of ¥g-in. top size and having approximately average unit 

weight and gradation. Large variations in such factors as unit weight and 
grading would undoubtedly affect the relationships shown. In such cases, 
tests to establish a set of curves for the particular grading or unit weight 
involved would be necessary. 

Slag A: V-in. and 34-in. lo 0 sizes—The data for insulating and struc- 
tural concrete mixes made with }4-in. and 34-in. top size expanded slag aggre- 
gate are shown in Table 3. Since the air contents and cement factors do not 
correspond to those for specific mixes with the 3¢-in. size, no direct comparison 
can be made between Tables 2 and 3. However, the averages for the 3-in. 

slag do match reasonably well the air contents for the mixes with the larger » 
size aggregates. Fig. 2 is a graphical comparison of the test results on the 

structural concretes for the various top sizes of expanded slag, using average 
-~ values for the three mixes at each design cement content of the 9-in. aggregate 
series, and the individual mix values for the larger sizes of slag. 
Although the number of tests with the 14-in. and 34-in. aggregates was 
mited, Fig. 2 shows two definite trends. First, the graph of 28-day com- 
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Fig. 2—Effect of aggregate 
size on dry weight and 
strength of structural light- 
weight concrete made with 
Slag A. (Top size of aggre- 
gate as indicated on curves) 


pressive strength versus cement factor shows that a given cement factor 
produces higher strengths—by 200 to 300 psi—with the larger sizes of aggre- 
gate. Stated another way, a given strength can be obtained with less cement 
(0.2 to 0.4 sacks per cu yd) when 14-in. or 34-in. aggregate is used instead of 


28 Day Compressive Strength, psi 


Fig. 3—Effect of natural sand 

on strength and dry weight of 

structural lightweight concrete 

made with Slag B. (Sand con- 

tents shown are percentages 

of the fine aggregate on a 
loose volume basis) 


LIGHTWEIGHT SLAG CONCRETE 627 


TABLE 3—INSULATING AND STRUCTURAL CON- 
CRETES MADE WITH EXPANDED SLAG A (¥% IN. 
TO 0 AND % IN. TO 0 SIZE) 


| 
| (% in.-0) Aggregate | (34 in.-0) Aggregate 


Insu- Insu- 


\lating | Structural j|lating| Structural 
con- concrete con- concrete 
| erete crete 
Mix No. Waar Wesi4 “Weie! tes | i —4)) 1s 


Cement content, sacks | 
per cu yd beQs lev alt | Si554 o239 | 7136) I) 8y51 
Total water, gal. per 


cu y 

Dry loose volume of 
aggregate, cu ft per 
sack of cement | 


Fine 3.41 | 2.50 | 2.00 | 2.80 | 2.06 | 1.73 
Coarse ior 30 Jet 270)" ie 36.) 2280) ) 2.06 Lr3 
_ Combined | 5.34 | 3.91 | 3.13 | 5.05 | 3.71 | 3.12 
Weight per cu ft of plas- 
tie concrete, 97.8 |104.5 |106.8 | 93.8 |102.2 |104.6 
aed content, percent [seo iset Wete-Ol} 20.2 11558) || tae 
Slump, in. 6 5 534 5 51 AL 
Weight percuftoven | ‘ a eg 
dry, 92.1 | 96.9 | 98.1 | 88.4 | 93.6 | 95.6 
24-hr absorption, 
lb per cu ft ase riers OM WeeGu)) tdisat dtad 1.10.8 
Compressive strength,* | 
psi 
7 days 770 | 1530 | 1890 830 | 1530 | 1980 
28 days 1200 | 2540 | 3270 | 1450 | 2630 | 3250 
1 year 2140 | 3620 | 4230 | 2160 | 3080 | 3880 
Flexural strength,* psi | 
ays 265 440 595 265 440 540 
28 days 400 570 625 | 390 525 630 


*Average values for three tests. 


the 34-in. top size. Second, the graph of oven dry weight versus strength 
shows a trend of lower concrete weights at a given strength level when the 
larger aggregate sizes are used. This is particularly pronounced for the 34-in. 
material, and at the higher strengths, where the 34-in. aggregate produced 
- concrete approximately 4 Ib per cu ft lighter than that obtained with %¢-in. 
top size material. 


Slag B and natural sand—Slag B was used only in structural concrete mixes 
with 0, 10, 20 and 30 percent natural sand in the fine aggregate (percentages 
by dry loose volume of the fine aggregate). Results of the tests on these 
mixes are included in Table 4; the 28-day compressive strengths are shown 
graphically in Fig. 3. 


The top graph in Fig. 3 shows the effects of the natural sand substitutions 
on strength for the different cement factors, while the lower graph illustrates 
their effect on oven dry unit weight. The increase in strength with use of 
natural sand is quite large in the 7-sack per cu yd mixes; somewhat smaller . 
with the 814 sacks. A mix with 7 sacks of cement and natural sand as 30 
percent of the fine aggregate had a strength about the same as an 8-sack mix 


= without sand. Weight increases with natural sand substitutions are larger 


with lower strength mixes than with high strength mixes. The oven dry. unit 
_ weights of all concrete made in this series, however, were less than 100 lb per 
eu ft, while wet weights (of plastic concrete) ranged up to 112 lb per cu ft. 
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Fig. 4—Compressive strengths of expanded slag structural concretes, ¥-in. to 0 aggre- 
gate and 7-10 percent air. (Natural sand percentages based on loose volume of fine 
aggregate) 


Summary of structural concrete strengths—Data on compressive strengths 
for the structural concrete mixes with the lower air contents (which would be 
required for optimum strength designs) are plotted in Fig. 4. Represented in 
this group are 7.6- and 8.7-sack mixes with expanded Slag A and 7.1- to 8.6- 
sack mixes with Slag B using varying percentages of natural sand in the fine 
aggregate. Compressive strengths at 7 and 28 days and 1 year are shown. 
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Seven-day strengths range from approximately 1800 to nearly 3000 psi, 
with more than half of the mixes over 2000 psi. Strengths at 28 days for 
three of the mixes were 3700 psi or higher; six of the eight mixes exceeded 
3000 psi. Continued moist curing produced large strength gains between 28 


days and 1 year, with many of the mixes testing over 4000 psi at the latter 
age. 


Thermal coefficient of linear expansion 


Results of the tests for coefficient of expansion of lightweight structural 
concretes made with Slag B and varying percentages of natural sand in the 
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fine aggregate are reported in Table 5. Measured coefficients of expansion 
varied from 4.8 to 5.2 X 10-° per deg F for saturated specimens between 35 
and 145 F. Values were determined for dry specimens from —8 to 204 F; 
these range from 4.8 to 5.5 X 10°°. 


The data show a tendency toward higher coefficient of expansion values for 
dry specimens as compared to wet ones, for 8'4-sack mixes as compared to 7 
sacks, and for mixes with natural sand in comparison to the all slag mixes. 
However, it is not believed that any of the differences (which are not entirely 
consistent) are significant, and all values are within the ranges ordinarily 
found in concrete. 


TABLE 4—STRUCTURAL CONCRETE MADE WITH EXPANDED SLAG B AND NATURAL 
SAND (¥% IN. TO O SIZE) 


Natural sand, percent by dry 
loose volume of fine aggregate 0 10 20 30 0 10 20 30 


Mix No. 19 20-21 22-23 24-25 26 27-28 29-30 31-32 


Cement content, 
sacks percuyd . GOL 7.03 7.10 7.14 8.52 8.54 8.55 8.64 


Total water, gal. per cu yd 6L.1 63.9 68.1 66.6 65.7 74.1 velar dg 68.4 

Dry loose volume of aggre- 
gate, cu ft per sack of ce- 
ment 


Fine slag 2.93 2.58 2.44 2.09 2.48 2.18 1.93 1.67 
Natural sand —_ 0.28 0.60 0.90 — 0.24 0.48 0.72 
Coarse slag 1.24 1.23 1.30 1.28 1.07 1.08 1.04 1.02 
Combi 3.97 = —_— — 3.38 — = = 


4 ned 
~ Weight per cu ft of plastic 
~ concrete, lb 93.0 96.9 105.4 108.4 102.1 106.8 109.6 112.2 


Air content, percent 14.5 13.7 8.5 8.4 9.0 7.2 (hee 6.6 
Slump, in. 6% 5 38% 3 is) 234 4 3% 
Weight per cu ft oven dry, lb 82.7 86.6 94.0 96.6 92.0 94.4 96.9 99.7 
24-hr absorption, 
Ik percuft © 12.6 12.7 13.4 13.0 12.9 13.7 13.8 13.1 
Compressive strength,* psi 
7 days 1300 1540 1960 1950 2350 2430 2260 2870 
28 days 2200 2380 2870 3040 3260 3430 3700 3860 
3030 2980 3840 3890 4220 4290 4440 4712 


1 year ; 
Flexural strength,* psi 
\ 7 days 385 420 435 505 505 570 550 605 
28 days 500 520 575 615 670 675 685 730 


*Average values for three specimens from one mix for 0 percent natural sand, average for six specimens from two 
mixes for concretes containing natural sands. 


TABLE 5—THERMAL COEFFICIENT OF LINEAR EXPANSION OF STRUCTURAL 
CONCRETES MADE WITH SLAG B AND NATURAL SAND 


Linear coefficient of thermal expansion, millionths per deg F 
Natural P f 
sand, percent Saturated specimens Dry specimens 
i Rs b 1: 
pe LG ies 35 to 72 to 35 to —8 to 140 to —8 to 
aggregate 72 deg 145 deg 145 deg 140 deg 204 deg 204 deg 
pero e ate A re Bap 1.9 4.6 5.1 L8 
10 4.4 5.1 4. ; 5. 
a8 20 4.5 5.0 4.8 5.4 5.6 5.4 
a 24-25 30 4.8 5.3 Seu bn 2 5.8 5.4 
TE alg Rega 0 4.3 5.2 4.9 5.0 5.6 5.2 
27-28 10 4.6 5.3 Died ee 5.6 5.4 
29-30 20 4.8 5-1 5.0 5.2 5.6 5.4 
~~ 31-32 Pe30 5.0 5.4 5.2 ‘be4 5.8 5.5 


— ES —— 
Data on other characteristics of these mixes are given in Table 4. 


¢ 
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Freezing and thawing 

Data from the freezing and thawing tests on beams from various mixes 
with both Slags A and B are tabulated in Table 6. The results are shown in 
terms of the dynamic moduli of elasticity after 300 cycles of freezing and 
thawing, as percentages of the original values (0 cycles). 


Insulating concretes are not subject to durability requirements; never- 
theless, several of these were included in the freezing and thawing tests to 
determine resistance of low cement content mixes to such weathering action. 
The results show the insulating concretes to have entirely satisfactory dur- 
ability, with final / values ranging from 78 to 100 percent of the original. 


The structural concrete mixes, in all cases, showed no damage from 300 
cycles of freezing and thawing. Final F values of 99 to 108 percent of the 
initial value indicate excellent durability for all of the 12 mix proportions 
tested. 


Patt a cage stm rs. De 


Drying shrinkage 

The effects of laboratory air drying for 100 days on the moisture content 
and linear shrinkage of structural lightweight concretes made with expanded 
Slag B are shown graphically in Fig. 5. Although tests were conducted on 
mixes with 0, 10, 20, and 30 percent natural sand in the fine aggregate, only 


ae 


§ 


84 SACK MIXES 


Moisture, 
% of Total Absorption 


Linear Shrinkage, % 


EE ——— 


) 25 30 75 000 25 a sega 
Drying. Time, Days 
Fig. 5—Shrinkage and moisture content of structural lightweight concrete made with 


Slag B and exposed to laboratory air drying. (Initial measurements were made after 
72 hr immersion in water) 
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Li 
/ the 0 and 30 percent sand mixes are TABLE 6—CONCRETE CHARACTERISTICS 
__ shown since all curves were quite close AND RESULTS OF FREEZING AND THAW- 


together. ING TESTS 
For both the 7- and 814-sack ce- ome! Dyna 
: sand, ic # after 
ment contents, the all slag mixes lost __ | percent | Cement Absorp- | 300 
; t ‘ Mix | by vol- | factor, Air tion, lb | cycles, 
moisture a little more rapidly than No. | ume of |sacks per| content, |per cu ft) percent 
z : Ee fine cu yd percent of 
did the mixes containing natural agere- em 
< . gate value 
sand, and the shrinkage was slightly 
lower. These differences are small Slag A—Insulating Concrete 
and may be caused by the variations 1 0 4.46 | 14.8 | 15.3 78 
; > : 3 0 2.90 || 94.9 | 12:2 89 
_in the amounts of water in the mixes 4 0 5.95 | 10.3 | 15.7 86 
6 0 5.51 4 23'0. | 12. 0 
(see Table 4), rather than by the use pe 
of natural sand. The 8)4-sack mixes Slag A—Structural Concrete 
lost moisture more slowly but had . 4 mee aah ga Ges caer 
higher shrinkage than the 7-sack  ,° 8 ats 18.0 12.2 ae 
5 4 A 0 . . 
mixes, showing the influence of the 0 9.06 | 13.7 | 12.0 | 104 
increased amount of cement. 
Slag B—Structural Concrete 
Only the 81%-sack mix with nat-  ,, 4 St ah Rae tote alates 
ural sand had a linear shrinkage value 2921) 10 AL roe er eg | arr 
Greater than 0,10 percent. It should 225) 90 | 2-4 | 8-6.) ib9 106 
be noted, however,-that the mixes re- 2728) 10 | 8-56 | 7.3 | i388 108 
ported here had much higher cement 132) 30 | °.6# GG sil) 18 dhaeh  1De 


contents than those used for the 
standard linear shrinkage test in 


ASTM C 330-53T. If tested with a TABLE 7—THERMAL CONDUCTIVITY 
lower cement content, conforming to TESTS ON EXPANDED SLAG CONCRETES 


5 3h-j 
the standard, all aggregate combina- (%-in. S 0 Aggregate Except as Noted) 


tions would be well within the 0.10 1G ae Thee 
percent shrinkage limit specified in Bees) tector, | ae eam ee 
~ ©8830 for structural lightweight con- fs, Ry ver Pace cee nee Bea: 
_eretes. The 7-sack mixes, with less nae aaa Reeth 

~ than 0.10 percent shrinkage, had pro- 4” | 9 | 4.08 | 19.5 | 87.0 | 2.37 

he 5 bi 25.0y)|, 87.9 pte 24 


portions of 1 part of cement to about 4 a4. 
4 of aggregate by dry loose volume.  giie) , Peuihl drain ultes se toot 
Even this is richer than the standard 3% 


ie 


/ mix for evaluation of the aggregates, tite) ‘i Ed yg ee le onie boas. 
which is set at 1:6 by volume in ©:330," 4 OMe ee a iion a. 12 a48 
Thermal conductivity B 10 500 | 13:5 S310 | 2.6 
r B 20 Lae? TA 96.0 3.08 

} Two other expanded slag aggre- B 30 7.15 8.7 | 98.8 | 3.02 
gates were used in addition to Slags A C 0 3.92 25.8 60.0 1.50 
and B in the thermal conductivity fe 0 pie 1 04 79.8 | 2.25 
tests. Results of all tests are reported ‘ Gite Ag Aa eA 8 th 
in Table 7. A wide range in mixes was D Be pe ee | ee | as 


employed: four expanded slags;0 to 30 


‘as oe ee 


=» 


wll 


See ee ee ee 


] 
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Fig. 6—Relationship of unit 

weight and thermal conduc- — 

tivity of expanded slag con- — 
cretes 


Oven Ory Weight, £b3./Cu Fr. 


4@¢ 16 18 20 4 6 28 806 32 
K, BtafHtr{S¢.F tf In. [°F. 


‘ 

; 

; 

; 

- 
percent natural sand in the fine aggregate; cement contents from 3.92 to 8.85 
sacks per cu yd; and air contents from 7.4 to 26.4 percent. Therefore, the 
tests cover both insulating and structural concretes witha large range of 
physical characteristics. Oven dry unit weights for these concretes ranged 
from 60.0 to 103.4 lb per cu ft and the K values from 1.50 to 3.19. 

The relationship of oven dry unit weight and thermal conductivity for 
these concretes is shown graphically in Fig. 6. The points fall approximately 
on a straight line, showing that dry unit weight is the principal factor affecting 
the conductivity. Aggregate characteristics, cement and air contents, and 
use of natural sand have little influence except as they affect the final unit 
weight; the conductivity of expanded slag concretes can be predicted with 
reasonable accuracy from the dry weights. The approximate straight line 
relationship is typical of results obtained when the comparison is confined to 
lightweight concrete with a given type of aggregate. 


CONCLUSIONS 
Based on the tests conducted the following conclusions are drawn: 


1. Structural lightweight concretes having 28-day compressive strengths in the range 
of 2000 to 4000 psi can be readily obtained with both of the typical expanded slags 
(Slags A and B). 


2. The relationships of cement factor, air content, dry weight, and strength for both 
insulating and structural lightweight concretes with an expanded slag can be incorpo- 
rated in a single graph. This graph may then be used as a guide in proportioning mixes, 
with expanded slags comparable in grading and unit weight with the one used in estab- 
lishing the curves, to meet strength and weight requirements for specific projects. | 


3. The test results indicate that increasing the top size of the aggregate (from 3% to 
34 in.) will result in higher strengths and lower unit weights for a given cement factor. 


4. Use of total air contents above 10 percent significantly lowers both the strengths 
and unit weights of the concretes. Where high strength is a primary factor in the design, 
air contents should be kept to the minimum consistent with adequate workability. 


5. Substitution of natural sand for part of the expanded slag fine aggregate in struc- 
tural grade concretes resulted in significant increases in strength for a given cement 
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factor. The unit weights were also increased proportionately. These effects were more 
pronounced in the leaner mixes. 

6. The coefficients of thermal expansion of the lightweight slag structural concretes, 
with and without natural sand, ranged from 4.8 to 5.5 X 10-§ per deg F. These values 
correspond closely to the averages usually found in concrete made with gravel, air- 
cooled slag, or crushed stone aggregates. 
of 7. The expanded slag concretes, in general, had excellent durability in the laboratory 
freezing and thawing test used. The structural concrete mixes tested were completely 
unaffected by exposure to 300 cycles of freezing in air and thawing in water. 

8. Test results obtained for drying shrinkage appear to be typical of those generally 
reported for lightweight structural concretes. Small differences obtained by use of 
natural sand are probably due to variations in the amounts of water in the mixes. 

9. Thermal conductivities varied directly with the unit weights of the concretes, with 
K values from 1.5 to 3.2 for unit weights from 60 to 103 lb per cuit. These values are 
comparable to those reported in previous investigations. 


ae 
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Title No. 55-41 


Effect of Axial Compression on 
Shear Strength of Reinforced 


Concrete Frame Members 


By J. W. BALDWIN, JR.t and I. M. VIESTE 


An experimental investigation was conducted to determine the effect of axial compres- 
sion on the shear strength of reinforced concrete members without web reinforcement. It 
involved tests of knee frames with ratios of axial force to shear varying from 0 to 6, and 
covered the entire range from failure caused by shear in the absence of axial load to 
failure caused by eccentric compression. The investigation was an extension of an earlier 
study involving specimens with the axial load equal to shear and specimens with no axial 
load, and was thus limited almost entirely to variations of the load ratio. 

The observed diagonal tension cracking loads were found in good agreement with the 
results of the earlier study. On the other hand, the shear compression strength was found 
to increase with axial load considerably faster than indicated by the earlier tests. A 
modification of an empirical parameter in an existing theoretical expression for the 
ultimate strength was found necessary. This modification suggests that at shear com- 
pression failure the compatibility of strains, as well as the equilibrium of forces, is a func- 


tion of the axial load. 


INTRODUCTION 


An investigation of the shear strength of reinforced concrete frame members 
without web reinforcement was conducted 1953-55 at the University of 
Illinois under the sponsorship of the Reinforced Concrete Research Council.!§ 
The investigation included tests of stub beams and symmetrical knee frames 
with- wide ranges of concrete strengths, shear spans, and steel percentages. 
The knee frames were subjected to an axial load equal to the shear in addition 
to the shear and bending loads. It was hoped that these tests would indicate 
the effect of axial load on the shear strength of frame members, but the data 
were inconclusive; it was decided that further tests were necessary to determine 


the effect of axial load on shear strength. 


the investigation reported herein was conducted as an ex- 
investigation, with the ratio of axial force N to the 
The N/V ratios ranged from 0 to 6. Since the 


Consequently, 
tension of the previous 
shear V as the major variable. 


* 4th annual convention, Chicago, Ill., Feb. 26, 1958. Title No. 55-41 is a part of copy- 
panied pie AEN < : V. 30, No. 5, Nov. 1958 (Proceedings V. 55). Separate 
should reach the Institute not later than Feb. 1, 


Pepone ie te Institute, Bridge Research Engineer, AASHO Road Test; Ottawa, Ill. 


Member American Concre te or, AASE 
Reference 1 will hereafter be referred to as the ‘‘previous investigation. 
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specimen with an N/V ratio of 6 failed by typical column failure without the 
formation of a diagonal tension crack, there was no need for tests of specimens 
with larger N/V ratios. 

Three values of the shear span, shape of the specimen, and minor variations 
of concrete strength were the additional variables. 


Definitions and notations 


Critical section is the section of potential shear compression failure. In a knee frame it is the 
cross section passing through the knee corner. In a stub beam it is the cross section at the 
edge of the loading stub. 

Diagonal tension crack is an inclined crack extending from the longitudinal reinforeement 
to the critical section and making an angle of approximately 45 deg with the longitudinal rein- 
forcement. 

Diagonal tension cracking load is the load at which a diagonal tension crack can be first 
clearly observed. 

Shear compression failure is caused by destruction of the compression zone of the concrete 
at the critical section above an existing diagonal tension crack. 

Test leg is the leg of a knee frame in which failure occurs. It is the leg on which all measure- 
ments were made. 


a = length of the shear span (Fig. 1-2) (M/V), = ratio of the moment around the 
a, = distance from the section of zero centroid of compressive force to 
moment (with respect to the cen- the shear at the section of diagonal 
troidal axis) to the starting point tension cracking 
of the diagonal tension crack nm = modular ratio 
b = width of cross section N = axial force 
C = compressive force in concrete (Fig. P = load applied to the specimen 
6) P. = total load on specimen at diagonal 
d = effective depth of reinforcement tension cracking 
EF. = modulus of elasticity of concrete P, = total load on specimen at failure 
£, = modulus of elasticity of steel : : 
f.’ = compressive strength of 6 x 12-in. ; area of tension reinforcement 
concrete control cylinders bd 
/ 
Je = modulus of rupture of conorete T = tension force in longitudinal rein- 
f. = steel stress at the critical section f : 
: orcement (Fig. 6) 
at shear failure 


J, = yield point stress of reinforcement V = shear 


: 8V. 
h = over-all depth of cross section ve = >— nominal shearing stress at dia- 


Tbd 
ye a a (Fig. 6) gonal tension cracking 
3 e 8V, . 
ky = coefficient defining the magnitude Pu = Jpq Rominal shearing stress at 
of compressive force C at failure fail 
(Fig. 6) nee 
ke = coefficient defining the position of y= deflection of the end of the shear 
compressive force C in concrete span in the direction perpendicular 
(Fig. 6) to the axis of the knee leg 
ks = ratio of the compressive strength N 
of concrete in flexure to f,’ (Fig. 6) C.8 ttt Sa 
K = strain reduction coefficient (Fig. 6) ‘pbdf. 
May = moment around the centroid of €, = steel strain at shear failure (Fig. 6) 
tension reinforcement at the criti- _ € = maximum concrete strain at shear 
cal section failure (Fig. 6) 


— 
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SPECIMENS AND TESTS 


Specimens 


The test series was designed as an extension of the previous investigation. Therefore, a 
rectangular cross section of 12 x 16 in. was selected with two #6 and four #7 bars as longitudi- 
nal reinforcement placed at an effective depth of 14.5 in. Concrete strength of approximately 
3500 psi and a yield point for reinforcement of approximately 70 ksi were planned. To obtain 
shear compression failures, the shear span of the test leg was chosen as 28 in. for ten speci- 
mens, and 21 in. and 38 in., respectively, for each of the two others. Two 28-in. specimens were 
designed with an N/V ratio of 0, and one 28-in. specimen was designed for each of the follow- 
ing N/V ratios: 1/3, 1/2, 2/3, 1, 114, 2, 3, and 6. The 21- and 38-in. specimens had N/V 
ratios of 2 (Table 1). 


TABLE 1—PROPERTIES OF SPECIMENS 


f Concrete strength Average steel strength 
: Ratio of 
Specimen Shear axial force Age at Modulus of Yield Ultimate 
span to shear testing, do's rupture, point, strength, 
a, in. N/V days psi psi ksi ksi 
0B28 28 0 60 5450 558 75.3 136.7 
OF 28 28 0 38 4830 491 45.4 84.7 
2F28 28 0.333 50 3980 594 idee! shoes 
3F28 28 0.500 30 3740 481 78.7 138.1 
4F 28 28 0.667 65 3990 586 75.9 137.3 
6F28 28 1.00 64 3080 523 75.3 136.7 
9F 28 28 1.50 61 3430 470 75.9 137.3 
12F28 28 2.00 29 3460. 429 75.3 136.7 
18F 28 28 3.00 57 3770 574 i tenk 137.7 
386F28 28 6.00 28 3160 435 75.9 137.3 
12F21 21 2.00 39 4460 446 45.4 84.7 
12F38 38 2.00 39 4190 460 45.4 84.7 


All specimens were 12 x 16 in. in cross section. The test legs were reinforced in tension only; effective depth of 
steel was 14.5 in. and each specimen was reinforced with two #6 and four #7 bars. 


The ten specimens with N/V ratios greater than zero were knee frames shown in Fig. 1 and 
2. The test leg of each specimen was joined at an angle of 90 deg to another leg of such length 
as to give the desired N/V ratio. The outer end of each leg was formed into a loading stub 
to accommodate roller bearing blocks. The test leg had no web reinforcement; the other leg 
was provided with sufficient web reinforcement to prevent failure in that leg. In addition to 
the longitudinal and web reinforcement, spacer bars were welded across the ends of the longi- 
tudinal reinforcement to provide anchorage, and lifting eyes were embedded at the knee corner 
and at the end of each leg. 
One of the specimens with V/V = 0 was a simple stub beam consisting of two test sections, 
identical with the test leg of the 28-in. knee frames, and a column stub for applying load at 
- the center as shown in Fig. 1. The column 
stub was reinforced with six #5 vertical bars TABLE 2—AVERAGE DIMENSIONS 
tied with No. 2 wire ties. Lifting eyes were OF BARS 
embedded at each end of the specimen and 


external stirrups were clamped on the speci- : Deformations 

: Bar size, | Area, sq 
men at each support. The specimen was Not oe Spacing, | Height, Gap, 
identical to B28B4 of the previous investi- ae Hk HEB 


gation except for the concrete strength and Specimens OF 28, 12F21, and 12F38 


_ the manner of support; the new specimen was 8 0.427 oan Bro con 
supported on two rollers while B28B4 was vt 0.583 0.565 0.060 | 0.11 
supported on knife edges. ert an ecaasa 
The other specimen with N/V = 0 was a C- 6 0.430 | 0.468 | 0.040 | 0.094 
frame consisting of two test sections identical 7 0.595 | 0.582 | 0.050 | 0.094 
gait the test sections of the stub beam and a Measurements were made as specified in ASTM 


column section connected at 90 deg to each of Designation A 305-50T, on half of the bars used. 
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the test sections as shown in Fig. 2. Except for concrete strength the construction of this speci- 
men was essentially the same as for the knee frames. This specimen may be considered a 


-knee frame with N/V = 0. It was tested to determine whether or not the behavior of a 


stub beam is the same as that of a knee frame with V/V = 0. 


The specimens are designated by a number, a letter, and a second number. The first num- 
ber represents the N/V ratio in sixths, the letter is either B or F indicating either a beam or 
frame, and the second number is the shear span of the specimen in inches. For example, 
2F 28 is a knee frame with N/V = 1/3 and a shear span of 28 in. 


Materials 


The concrete was made from a standard brand of Type 1 portland cement, Wabash River 
torpedo sand, and Wabash River gravel. Since there were two sizes of coarse aggregate which 
varied considerably in gradation from lot to lot, the proportions of the mix were adjusted from 
time to time to maintain a consistent gradation of coarse aggregate for all batches. The maxi- 
mum size of the gravel was 1 in. and the fineness modulus of the sand was 3.10. 


The average concrete mix was 1:3.97:5.95 by weight, with a cement/water ratio of 1.1 by 
weight. The concrete was mixed in a nontilting horizontal drum mixer of 6.5-cu ft capacity 
for approximately 5 min. The compressive strength determined from tests of 6 x 12-in. con-— 
trol cylinders and the modulus of rupture determined from third-point loading of 6 x 6 x 21-in. 
beams can be found in Table 1. 


The reinforcing steel was of hard grade billet steel with deformations perpendicular to the 
axis of the bar. Dimensions were measured on half the bars of each size (Table 2). The de- 
formations met the requirements of ASTM A 305-53T. The cross sectional area was deter- 
mined in accordance with ASTM A 15-54T. A coupon was cut from each bar and tested in 
tension. The bars for each specimen were selected so as to have approximately the same 
yield point. The average tensile yield point and ultimate strength of the steel for each speci- 
men are listed in Table 1; the average measured modulus of elasticity was 30 X 10° psi. 
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Fabrication of specimens 

The fabrication of specimens was identical to that of the previous investigation except 
that in addition to the five 6x 12-in. control cylinders a 6x 6x 2l-in. modulus of rupture 
beam was made from each batch of concrete. The control cylinders and beams were cured 
and tested with the corresponding specimen. 


Test equipment and procedure 


All knee frames were tested in a Riehle 600,000-lb screw type testing machine, with loads 
applied in increments of 1000 to 40,000 lb, depending on the expected behavior of the speci- 
men. The testing set-up is shown in Fig. 3. During the first increments of loading, the 
specimens held the applied load well, but at higher loads it was necessary to operate the ma- 
chine from time to time to maintain the desired load. At each increment, measurements of 
steel strain, concrete strain, and deflection were taken. 


The steel strains were measured with a 4-in. Berry mechanical strain gage along three gage 
lines on each side of the frame. The gage lines extended from the critical section toward the 
end of the test leg. Concrete strains were measured along the center line of the compression 
surface of the test leg and on one side of the specimen at several locations adjacent to the 
critical section between the compression surface and the tension steel. Two A-1 and two A-9 
SR-4 electric strain gages were used to measure the concrete strain along the center line of the 
compression surface. The strain distribution on the side of the specimen adjacent to the 
critical section was measured with nine A-1 SR-4 gages. 


Deflections were measured with dial indicators bearing on a deflection bridge as shown in 
Fig. 3. These deflections were essentially the displacement of the axial load in the direction 
parallel with the critical section. 


The load was applied to the specimens through the roller bearing blocks used in the previous 
investigation, which allowed free rotation in the plane of the knee frame, but were rigid in 
Es the perpendicular plane. The bottom bearing 

block rested on the bed of the machine while 
the top bearing block was attached to a spheri- 
cal seat which was in turn attached to the 
head of the testing machine. The specimens 
were inserted in the machine with leather 
strips between the top loading stub and the 
bearing block, to distribute the load evenly 
across the surface of the loading stub. The 
spherical bearing seat was left free to rotate 
during the first increment of load to permit 
compensation for imperfections in the shape 
of the specimen. After the first increment, 
the spherical seat was wedged to prevent 
further rotation. At first, leather strips were 
inserted also between the bottom loading stub 
and the bearing block but, after experiencing 
some difficulty with lateral eccentricities, the 
leather strips were replaced by plaster of paris. 


Except for the manner of support the test 
procedure for Specimen 0B28 was identical to 
that for the stub beams of the previous in- 
vestigation. Specimen 0B28 was supported 
on 2-in. diameter rollers while the stub 
Fig. 3—Typical test set-up (Specimen beams of the previous investigation were 

3F28) supported on knife edges. 
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TEST RESULTS 


_ Test data 


The test results are summarized in Table 3. Several specimens after failure 
are shown in Fig. 4, and various test data are shown in Fig. 5 and 7-11. 

Formation of the diagonal tension crack was determined by visual observa- 
tion. In every case except in 12F21 the crack formed rapidly, extending 
almost the full distance from the steel to the critical section; thus the instant 
of crack formation was well defined. The corresponding loads are the diagonal 
tension cracking loads listed in Table 3. The diagonal tension crack in Speci- 
men 12F21 developed slowly over a range of about 20 kips. Thus the 
diagonal tension cracking load was not well defined and the load listed in the 
table may be somewhat too high. 

The nominal shearing stress ». was computed as 8V/7bd, where V is the 
shear caused by P, and the dead load at the intersection of the diagonal tension 
erack with the steel. The term v,/f.’ listed in Table 3 is the nominal shearing 
stress at diagonal tension cracking divided by the compressive strength of the 
6 x 12-in. control cylinders. 

The failure load P,, is the maximum load applied to the specimen during the 
test. The nominal shearing stress v, was computed from P, as 8V/7bd. Dead 
load shear was not included in v, because it was always less than 2 percent 
of the applied load. The term v,/f- listed in the table was computed as the 
nominal shearing stress at failure divided by the compressive strength of the 
6 x 12-in. control cylinders. 

All specimens except 36F28, 18F28, and 12F21 failed in shear compression. 
Specimen 36F28 failed in flexural compression. The failures of Specimens 
18F28 and 12F21 had the characteristics of both shear compression and 


flexural compression failures. 
The maximum deflections listed in Table 3 are the displacement of the 


- axial load in the direction parallel to the critical section. Whenever possible, 


one member of the testing staff watched the deflection at the instant of failure. 
When this was not possible it was necessary to extrapolate the load-deflection 
curve to obtain the deflection at failure. Since the load-deflection curve be- 
comes flat near failure, this procedure was somewhat less accurate than the 


direct readings. 

The maximum steel strains recorded in Table 3 are the averages of the read- 
ings on the two gage lines at the critical section. Since it was impossible to 
obtain a steel strain reading at the instant of failure, all ultimate steel strain 
values are extrapolated. 

The maximum concrete strains were difficult to obtain, because at loads 
near failure extensive crushing of the concrete was present at the critical 
section. The values listed in Table 3 are the maximum measured values. 
diagonal tension cracking of 9F28 was low 
her side of it in the test series. Deflec- 
indicated that there was some lateral 
‘men. Several attempts were made to 


The nominal shearing stress at 
as compared with the specimens on eit 
tions, steel strains, and crack patterns 


& 
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TABLE 3—TEST RESULTS 


Diagonal tension cracking Failure Maximum strain in 
millionths 
Specimen Shear 
Load stress ve* Load Vu Maximum 
Pe, ve*, fel Pu, Tel Mode} | deflection, Steel Concrete 
kips psi kips in. €s €u 
0B28 76 251 0.046 130 0.078 s OF21 1200 3010 
OF 28 40 263 0.055 61 0.083 s 0.35 1360 6150 
2F28 44 254 0.064 74 0.116 Ss 0.43 1330 4980 
3F 28 48 270 0.072 93 0.146 i) 0.42 1660 3880 
4F 28 60 315 0.079 79 0.109 s 0.25 1100 4830 
6F28 59 265 0.086 90 0.135 iS} 0.29 1280 3330 
9F 28 65 232 0.068 128 0.135 8 0.34 1160 6550 
12F28 119 345 0.100 190 0.161 5 0.37 1120 5590 
18F 28 196 404 0.107 234 0.129 S-F 0.32 830 7630 
386F 28 —_ — — 359 0.123 sila! 550 7200 
12F21 191 560 0.125 240 0.158 S-F 0.18 1020 7100 
12F28 100 294 0.070 112 0.078 SS) 0.37 950 a 


*Includes dead load shear. 
+S—Shear compression failure. 
¥F—Flexural compression failure. 


correct this condition by unloading the specimen and adjusting the spherical 
seat. The diagonal tension crack formed during one of the reloadings at a 
load lower than that which had been applied to the specimen prior to unload- 
ing. Thus it is not known whether the lower cracking load was caused by the 
eccentricity or by the repetitions of loading. 


Behavior of specimens under load 

All specimens behaved similarly during the first few increments of loading. 
The first tension cracks formed at the section of maximum moment; with in- 
creasing load additional cracks formed farther away from this section. The 
extent of tension cracking varied inversely with the N/V ratio, as would 
be expected from the fact that with increasing N/V ratio not only the mo- 

ment for a given load decreases, but also the neutral axis moves toward the 
tension side of the section. The cracking patterns for several specimens are 
shown in Fig. 4. 

In all specimens except 12F21, 12F28, 18F28, and 36F28, which were the 
specimens with the highest N/V ratios, some of the tension cracks began 
curving over toward the section of maximum moment as loading progressed. 
At a somewhat higher load a diagonal tension crack formed, either through or 
close to the compression end* of one of the inclined cracks; the diagonal 
tension crack intersected the tension steel between 12 and 18 in. from the 
critical section, and its angle with the axis of the test leg varied from approxi- 
mately 30 to 45 deg. Specimens 12F21, 12F 28, and 18F28 formed diagonal 
tension cracks similar to those formed in the first six specimens except that 
the cracks were somewhat less inclined which resulted in a deeper compression 
zone above the crack. =< 


During the interval between diagonal tension cracking and failure the only 
-_ changes in the appearance of the specimens were increasing deflections, widen- 


-- #The end of a crack which is nearest +he compression surface of the specimen is referred to as the compression 
end of the crack. eae 


» 
i 


644 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE November 1958 


ing of the diagonal tension cracks, and local crushing of the compression 
zones at loads near failure. The extent of crushing observed before failure 
varied directly with N/V. ‘There was no crushing before failure in Specimen 
0B28; crushing was observed at a load 10 kips below failure in Specimen 2F28 
but at a load of 50 kips below failure in Specimen 36F28. 

All specimens failed by destruction of the compression zone of concrete, 
with the steel stresses always below the yield point value. The failure of 
Specimen 0B28 can best be described as violent. It was sudden and com- 
plete, occurring before any local crushing was evident and was accompanied 
by splitting along the steel to the end of the beam. This failure was of the 
typical shear compression type (Fig. 4). Each specimen with a successively 
higher N/V ratio failed less violently with more local crushing in the com- 
pression zone before the final failure. Nevertheless, all failures were of the 
shear compression type except in Specimens 18F28 and 12F21 which seemed 
to be transitions between shear compression and flexural compression failures. 
There was a general crushing of a deep compression zone with longitudinal 
cracks forming throughout the entire length of the specimen. The failure of 
36F28 (Fig. 4) was of the typical flexural compression type found in eccen- 
trically loaded columns. There was no diagonal tension crack and the failure 
was accompanied by longitudinal cracking and general crushing. 


ANALYSES 
Diagonal tension cracking 


The following expression for predicting the nominal shearing stress at 
diagonal tension cracking was developed from the previous investigation: 


38 oa 
7 ee bine (1) 


aad + 10 


ve = | 1.425 


For a combination of moment, shear, and axial load 


(M/V). = a. — x(4 - <) bi eee ne Ce eth eh Sacre me (2) 


The distance a, depends on the a/d ratio and is given by the following 
expression: 


a = OfordZ2a 


a= a—dforazdz— 


a a 
c= —f —e2 
a, 3 rs d 


Ten of the specimens reported herein have only the N/V ratio and f,’ as 
variables. Eq. (1) indicates that v, varies approximately with Vf. There- 
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Fig. 5—Effect of N/V ratio on 
diagonal tension cracking load 


Predicted Diagonal Tension Cracking 


fore, multiplying the values of v, by ¥3520/f.’ corrects the test data to the 
average f,’ of 3520 psi. Plotting the corrected values—v,’ = v- V 3520/f.’— 
against the only remaining variable, N/V, shows the effect of N/V on the 
diagonal tension cracking load. This has been done in Fig. 5. 


It should be noted that the solid line in Fig. 5 represents an analysis de- 
veloped earlier on the basis of tests of more than 70 specimens. Most of the 
test values from this investigation, shown in Fig. 5 as dots, fall above the solid 
line. However, the differences were considered too small and the data too few 
to justify an attempt at deriving a new analytical expression. 


The ratios of v, test/v, calc calculated from Kq. (1) and (2) are listed in Table 
4. The average value of », test/v, cale is 1.07 and the standard deviation is 
0.111. It appears, therefore, that Eq. (1) is applicable for a wide range of N/V 
ratios. 


‘Shear compression—Previous analysis 


If a diagonal tension crack forms without causing failure of the member 
and if flexural failure does not occur, the member fails in shear compression. 
For this type of failure the maximum moment about the steel at the critical 
section is defined as the shear moment capacity. By assuming a strain dis- 
tribution as shown in Fig. 6, the following expression for predicting the shear 
moment capacity was developed from the previous investigation: 


Ee, cig Ce A OLN I ee (3) 
fi.’ bd? ye hake to! 
where 
N 
a a a ae oe reece ee ee 4 
a + podf, (4) 


646 


Eq. (3)-(5) were derived from statics and from the assumed strain distribu- 


tion shown in Fig. 6. 


The only unknown quantities are the parameters kyks, k2/kyks, and Ke, 
which define the shape of the concrete stress block, the position of the centroid 
of compressive forces, and the concrete strain at failure, respectively. The 
following empirical expressions for these parameters were determined from the 


previous investigations: 


RS cba 2 
70 + f.’ 
Is 
= (44... 
ky ks ; 


1.116 — + 0.174 
10* Ke, = 


=. _ 0.872 
d Of 


It can be seen from Eq. (3)-(8) and from Fig. 6 that N enters the analysis 
only through the equations of statical equilibrium. 


C =k; kgf kyybd 


T= pdbf, 
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Thus this analysis as- 


Strain Distribution 


Fig. 6—Assumed strain distribution at shear compression failure 
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& Transition Failure 


O Flexural Compression Failure 
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Fig. 7—Effect of N/V ratio on ultimate shear moment 


sumes that the axial compression affects the shear compression strength only 
insofar as it changes the conditions of statics. 

Eq. (3) and (5) indicate that M,, varies approximately with the square root 
of f.’. Using this relationship, M/s, for ten of the specimens of this investiga- 
tion may be corrected for small variations in concrete strength and then 
plotted against N/V, the only other variable. The test data thus corrected 


to the average concrete strength of 3520 psi as M’,, = Ms: V3520/f.’ are 


shown in Fig. 7. The dashed line in Fig. 7 represents the solution of Eq. (3)- 


(8) for f.’ = 3520 psi. It is evident from this plot that the axial compression 
had some effect on the shear moment capacity beyond that accounted for by 
the equations of statics. Furthermore, this additional effect increased with 


increasing N/V ratio. 


Adjustment of shear compression analysis 

Both the data reported herein and those of the previous investigation were 
examined to determine the reason for the discrepancies between the test re- 
sults and the existing analysis. Fig. 8a indicates that the assumption regarding 
the strain distribution is probably fairly accurate. This typical strain dis- 
tribution plot shows that there is a definite break in the strain distribution 
line after diagonal tension crack formation. ‘The break in the line after 
diagonal tension cracking is believed to be primarily due to concentrated 
rotations at the head of the crack as is assumed in the analysis. However, 
some nonlinearity was observed also before diagonal tension cracking; this is 


better illustrated in Fig. 8b which shows the strain distribution for Specimen 
_ 36F28 in which no diagonal tension crack formed; this nonlinearity was 
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Fig. 8—Measured strains at critical section 


caused by the proximity of the re-entrant knee corner and the accompanying 
stress concentrations. 


The parameters ks/kik3, kiks, and Ke, were determined empirically from the 
previous investigation as given in Eq. (6)-(8). Parameter k2/kiks = 0.44 was 
found to be representative of all shear compression failures. Fig. 9, in which 


all values are measured quantities, indicates that this value agrees reasonably 
well with the results of both investigations. 


The parameter k,k3; was found to vary with f.’ (Eq. (6)]. Since there was 
little variation in f,’ in this investigation and no indication was found that 
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Fig. 9—Correlation of meas- 
ured quantities at shear com- 
pression failure 
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this parameter is a function of any other variables, Eq. (6) was accepted as 
being correct. 


On the other hand, the data from this investigation indicate that Ke, is a 
function of N/V in addition to the a/d ratio suggested by Eq. (8). 


For beams N/V is equal to zero. It can be assumed, therefore, that for 
beams the parameter Ke, is a function of a/d only. The test values of Ke, 
for 0B28 and for stub beams tested in the previous investigation were plotted 
against a/d. A curve fitting the data gave the following expression for 


104 Ke, when N/V = 0: 


0.9— + 0.1 
d a oi : 
=a ny (always a positive quantity) 
Oso 


This expression gives almost the same values as Eq. (8). 


Assuming that the contribution of N to Ke, is additive to the effect of a/d, 
he data for both symmetrical and unsym- | 


an expression was derived from t 
previous investigation. 


metrical knee frames from this investigation and the 


~The following expression was found for the contribution of axial compression 


to Ke,: 


=~ wy Ss 
7 2* q 


a 


a axis and the depth of the diagonal tension crack are identical. The correla- 
_ tions shown in the two figures, particularly that of the crack depth, indicate i 
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TABLE 4—COMPARISON OF CALCULATED AND TEST RESULTS : 

Diagonal tension cracking Failure i 

Nominal shearing stress : 

Specimen _ — ve test | Ma test, Mz calc, Mut test } 

ve test. ve cale ve cale in.-kips in.-kips Ma calc } 

psi psi 4 

— ' 

0B28 251 268 0.94 1820 1830 1.00 : 
OF 28 263 256 1.03 ; 1710 1710 1.00 
2F28 254 249 1.02 ; 2120 1700 1.25 
3F28 270 247 1.09 ; 2610 1750 1.50 
4F28 315 258 1,22 2140 1930 1.11 
6F 28 265 242 1.10 | 2210 1910 1.16 
9F28 232 273 0.85 2700 2470 1.09 
12F28 345 295 at 3540 2950 1.20 
18F 28 404 387 1.04 3580 3980 0.90 
12F21 560 449 1.25 3690 4110 0.90 
12F38 294 280 1.05 ; 2560 2310 p Nae bef 
Average: 1.07 Average: 1.11 

Standard deviation: 0.111 Standard deviation: 0.164 


Thus the expressions for Ke, applicable both to beams and knee frames are 
as follows: 


a 
for — 2 1. 
or 1.32 
0.9 — + 0.1 N 
10‘ Ke, = : + 3.5 (2 ) ps He RS eg Oh (9a) 
10— — 
a 1.0 
and for —~ 3 1.32 
d N 
10‘ Ke, = 3 — B.D Ur ee POL cee eee 
€ + (2 Y) . (9b) 


Fig. 10 and 11 were made as a check of the analysis. The dots in Fig. 10 
represent the measured values of steel stress from both investigations; the 


‘solid line represents Eq. (5).* The test points shown in Fig. 11 are the meas- | 


ured distances from the compression surface to the compression end of the 
diagonal tension crack in this investigation; the solid line represents the 
depth of neutral axis as predicted by Eq. (4) and (5) equivalent to the depth 
of the crack since it is assumed in the analysis that the depth of the neutral 


——E— 


that the analysis is reasonably accurate. 


*All analyses were performed by s i i i i i iti 
equation of statics is readied for this sosthodt- approximation described in Reference 6, The following additional 


@a=1+4 Ju 
Sigh, eRe Ps 
qd. ag wees 


wn ee 


OA Ke © & 


a a ey et ed ney TAS ee ee 


Pl 


\ 


4 
| | 
; 
4 


SHEAR STRENGTH OF FRAME MEMBERS 


Fig. 10—Steel stress at shear 
failure 
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Predicted Steel Stress 


The test data of this investigation are compared with the adjusted analysis 


in Fig. 7 and Table 4. The solid line in 
Wig. (3)-(7) and (9) for jf. = 3520 psi. 

was developed from the data of both this 
In general, the test values were somewhat lower for the previous 


vestigation. 


Fig. 7 represents the solution of 
It should be noted that Eq. (9) 
investigation and the previous in- 


investigation than for this investigation, which resulted in test points falling 
above the solid line in Fig. 7. Nevertheless, the points follow the trend in- 


dicated by the “adjusted” analysis. 
for the shear moment are listed in 


The ratios of test to calculated values 
Table 4. The average of these values for 


11 specimens of this investigation is 1.11 and the standard deviation is 0.164. 


_ Table 5 compares the adjusted analysis with test data of the previous in- 
vestigation. It can be seen that the agreement is good. For stub beams, the 


average value for M test/M cate of 1.03 
for the adjusted analysis is close to the 
value of 1.01 for the previous analy- 
sis.1 This is as expected because for 
members without axial load the two 
analyses differ only by a small change 
in Ke,. For the knee frames, the ad- 
justed analysis gives an average value 
of Miest/M cate of 0.96 compared to a 
value of 1.11 given by the previous 
analysis. It appears that including 
the N/V term in the equation, for Kéu 
improved the agreement between the 


test data and the analysis. 


The average value of Meest/M cate 
for all knee frames, including this and 
the previous investigation, is 1.03 and 


_ the standard deviation is 0.134. 


TABLE 5—COMPARISON OF ADJUSTED 
ULTIMATE MOMENT EXPRESSIONS WITH 
RESULTS OF PREVIOUS INVESTIGATION 


Mecst_ Knee Mucst 
Stub beams Meate frames Meate 
B14B2 0.89 F21B2 0.88 
E2 1.14 B2R 0.99 
A4 0.91 B4 0.83 
B4 0.91 B4R 0.93 
4 1.05 C4R 1.00 
A6 0.96 D4 1.13 
B6 1.05 AG 0.97 
B21B2 0.88 B6 1.10 
A4 15 F38A6 0.93 
B4 1.03 B 0.86 
A6 0.94 — 
B6 1,10 Average: 0.96 ; 
B28B2 1.18 Standard deviation: 0.101 
E2 1.23 
A4 1.20 
B4 0.98 
HA 12d 
A6 0.85 
B6 1.06 
B40B4 0.94 
Average: i Fn Se 
Standard deviation; 0.12 
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Fig. 11—Depth of crack 


— Theoretical Location of Neutral Axis 


Distance from Compression Surface, in. 


The only difference between the adjusted analysis and the previous analysis 
is the assumption regarding the effect of N. The previous analysis assumed 
that the only effect of N was that accounted for by the equations of statics. 
The adjusted analysis assumes that N affects the compatibility of strains as 
well as the equations of statics. 


Flexural compression failures 

Specimen 36F28 failed in flexural compression. Hognestad? developed 
equations for predicting the flexural compression strength of eccentrically 
loaded columns.* The’ strength of 36F28 was found to be 17 percent higher 
than that predicted by Hognestad’s equation. It is believed that this high 
value was probably caused by the restraint offered the concrete by the knee 
corner. 

In Fig. 7 the upper solid line represents the failure loads for the specimens 
of this investigation computed from Hognestad’s equations using f,/ = 3520 
psi. The intersection of this line with the line representing Eq. (3) is the 
theoretical transition point between shear compression and flexural com- 
pression failures. 

It can be seen from Fig. 7 that Specimen 18F28 is close to the point of 
transition. This is in agreement with the test observations; the specimen 
appeared to fail by a mixture of shear compression and flexural compression 
failures. The ratio of observed ultimate load to the calculated flexural com- 
pression load was 0.96. 


SUPPLEMENTARY FINDINGS 
Effect of knife edge supports 


Specimen 0B28 was tested to compare the knife edge supports used in the 
previous investigation with the usual roller supports. The diagonal tension 
cracking load of 0B28 corrected for concrete strength was 5 percent lower 
than that of B28B4, and the corrected failure load was 1 percent higher. Since 
both of these percentages are well within the range of the normal scatter, it 
appears that the knife edges probably had no significant influence on either 
the diagonal tension cracking load or the shear moment capacity. 


by ee the pepemers of this investigation were cast horizontally k;3 = 1 was used instead of the 0.85 suggested 
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Comparison of stub beams with C-frames 


Specimen OF28, identical with Specimens B28B4 and 0B28 except for 
concrete strength and shape, was tested to compare the behavior of a stub 
beam to that of a knee frame with N/V = 0. The corrected value of diagonal 
tension cracking load for OF 28 was 9 percent higher than that of 0B28, and 4 » 
percent higher than that of B28B4. The corrected value of ultimate load 
was within 1 percent of that of both stub beams. Since these differences are 
also within the range of normal scatter, it appears satisfactory to consider. 


'_ stub beams as knee frames with N/V equal to zero. 


SUMMARY 


(1) Twelve specimens were tested to investigate the effect of axial com- 
pression on the shear strength of reinforced concrete members without web 
reinforcement. The test sections of all specimens were similar. The ratio of 


- the axial force to shear was the major variable and concrete strength, a/d 


ratio, and shape of specimen were the minor variables. Eleven specimens 
developed diagonal tension cracks; after some increase of load, nine of these 
failed in shear compression and two by a combination of shear compression 
and flexural compression. The twelfth specimen failed in flexural compression 
without the formation of a diagonal tension crack. 


(2) The diagonal tension cracking loads were found to be in good agree- 


~ ment with the analytical expression derived in a previous investigation.* 


(3) The shear moment capacities were compared with the equations of a 
previous analysis! and were found considerably in excess of the computed 
values; the discrepancy increased with increasing N/V ratio. It appears that 
the axial compression affects not only the conditions of statics, but also the 


compatibility of strains. 


(4) The previous analysis’ was modified so as to predict the shear moment 
capacity of knee frames and stub beams with reasonable accuracy. 


(5) The moment at flexural compression failure was compared with the 
equations developed by Hognestad? for eccentrically loaded columns. Al- 
though the test value was larger than the computed one, Hognestad’s analysis 
appears to predict the flexural compressive strength with reasonable accuracy. 
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Particle Shape of Fine Aggregate Affects Water 
Requirement for Mortars 


By EDWIN N. 


In testing the compressive strength of 
mortars containing sands of questionable 
structural strength, the preparation of the 


- sands to meet a common grading will elimi- 


nate to the greatest extent possible variations 
caused by differences in grading. This was 
done for the series of tests described herein, 
but it was found that for a given flow and a 
water-cement ratio of 0.60 by weight, the 
amount of sand added to a cement-water 
paste varied with different sands even 
though the gradings were identical. 

Five different sands were obtained from 
various sources, ranging from 100 percent 
manufactured to a natural rounded beach 
sand. Each sample of sand was separated 
by sieving and recombined to the grading 
shown in Table 1. The sands were oven 
dried before sieving, and water of absorption 
was added 30 min prior to mixing. With the 
exception of sand gradations, the mortars 


TABLE 1—GRADING OF SANDS 


Sieve size Percent retained 
No. 4 0.0 
No. 8 15.0 
No. 16 36.0 
No. 30 58.0 
No. 50 80.0 
No. 100 96.0 


LORENZEN * 


were prepared in accordance with ASTM 
C 87-52, ‘Standard Method of Test for 
Measuring Mortar-Making Properties of 
Fine Aggregate.” 


Sample 1 was a rounded beach sand and 
Sample 2 was a manufactured sand. Samples 
3, 4, and 5 consisted of natural river sands; 
their only major variation was in the specific 
gravity—particle shape and surface texture 
being similar, as indicated by examination 
under a microscope. Unit weights and void 
content of the sands were determined in 
accordance with ASTM OC 29-55T and 
C 30-37, respectively. 


Physical data for the five sands tested and 
characteristics of the fresh mortar are given 
in Table 2. 


The data indicate that the sand-cement 
ratio of mortar, for a given water-cement 
ratio and consistency, has a linear relation 
to the angularity of the sand, and therefore 
the more rounded sands require less water 
for a given consistency. 


Since no effort was made to differentiate 
between the relative effects of particle shape 
versus surface texture for any given mortar, © 
it is not known to what extent each indi- 
vidually would affect the water requirement. 


A part of copyrighted JoURNAL OF THE American Concrete Institute, V. 30, No. 5, Nov. 1958, Proceedings 
Vv. 56. Se sai printa of the entire Concrete Briefs section are available at 35 cents each. Address P. O. Box 


4754, Redford Station, Detroit 19, Mich 


*Member American Concrete Tustitute, Research Engineer, The Master Builders Co., Niles, Calif. 
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. TABLE 2—CHARACTERISTICS OF SAND AND FRESH MORTARS 
| Sand | Mortar 
Periple Specific Fineness Unit weight, Percent Flow, Sand-cement 
| gravity modulus lb per cu ft voids percent ratio 
1 2.58 ry ehe 114.7 28.8 98 4.2 
2 2.53 2.85 98.0 38.0 101 2.8 
3 2.59 2.85 107.5 33.4 102 3.5 
4 2.65 2.85 112.3 32.1 97 3.6 
5 | 2.54 2.85 105.6 34.4 103 3.3 


It would therefore seem logical that an compared to rounded, smooth sands. In 
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improvement in the shape and surface texture 
of the sand would result in significant reduc- 
tion in the unit water content of concrete 
mixes. However, our experience indicates 
that, everything else being equal, better 
compressive strengths, and particularly better 
flexural strengths, are normally secured with 


view of these experiences one may not con- 
clude that the water reduction secured 
through the use of a round, smooth, sand 
will produce the most satisfactory concrete 
for all purposes. However, there may be 
some optimum condition of particle shape and 
surface texture that will result in optimum 


sands that have some degree of sharpness as_ water reduction and optimum strength. 


Concrete’s Etymological Offspring* 
By PETE CRETE 


An ACI member with philological inclina- | Maracon (Admixtures) Marathon 
tions submits ten additions to the ‘‘concrete Corp., Rothschild, Wise.; 
word family,” this time including one sanc- ACI Journat, Apr. 1957, 
tioned by Webster. The term ‘‘Rubber- News Letter, p. 45 
Crete’’ is a duplication of name but appar- Pectacrete (Hydrophobic or water- 
ently not of product. proofed cement) Hydro- 

3 phobic Cement Ltd., Lon- 
Word Where used don; Civil Engineering and 
Con-Trow’l (Troweling machine) Cham- Public Works Review, Mar. 
pion Manufacturing Co., 1957, pp. 330-331 
St. Louis, Mo.; ACI Jour- Prescon (Prestressing system) Prescon 
NAL, Aug. 1956, News Corp., Corpus Christi, Tex., 
Letter, p. 25 ACI Journat, July 1956, 
Faircrete Saxgans conveyor) Fairfield oe Bay ae 
ngineering Co., Marion, 6, 1957, p. 86 
Ohio; Contractors and Engi- — Rubber-Crete (Rubber-containing floor sur- 
neers, May 1957, p. 158 facing mix and/or terrazzo) 
Hydracrete | (Hydrophobic cement; for- Ascon Products Co., Ni- 
merly Aquacrete) Cement “ antic, Conn. 
Marketing Co., London; Silcrete (Superficial quartzite formed 
The Engineer, Feb. 8, 1957, by cementation of soil, 
p. 204 sand, gravel, etc., by silica) 
: Webster's New I: i 
Krete-Kut (Abrasive blades) Bay State al Dictionary, 2nd edition 
Abrasive Products Co.,  Tite-Crete (Admixture) Surface Engi- 


Westboro, Mass.; Contrac- neering Co., Ine., Wichita 
tors and Engineers, Jan. Kan.; Contractors and En- 
1957, p. 100 gineers, Dec. 1956, p. 63 


*Previous lists appeared in ACI Journat, Proc, V. 47, Noy. 1950, p. 263, May 1951, P- 752; Proc. V. 49, Mar. 


1953, pp. 682-684; . V. 50, June 1954, pp. 89 ; . 
ip. W006; Prog, Vo ok Ang notre P He er Proc, V. 51, Apr. 1955, pp. 813-817; Proc. V. 53, Aug. 1956 
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Prellems and Practices 


__A series relating to “down-to-earth, every- 
day’’ concrete problems which attempts to give 
brief answers to the more common (and some- 
times uncommon, too) questions asked about 
concrete design and construction practices. 

To some, the answers will seem simple and 
obvious; others may prove controversial. 

All ACI members are invited to particitpate— 
either by submitting an inquiry, or even better, 
by telling JOURNAL readers how an intriguing 
problem was solved. It may well be that readers 
will be able to suggest more practical solutions 
than those presented. 


Q. In testing cores that have been cut from 
reinforced concrete buildings, what is the effect 
of reinforcement in the core on the test strength 
of the concrete? Is there any standard compart- 
son between the strengths of a given concrete 
mixture, with and without reinforcement? 


A. There is probably no feasible way to 
determine the effect upon the compressive 
- strength of a core of reinforcement at any 
angle other than parallel to the axis of the 
core. For reinforcement in other positions 
the effect might well be to cause the splitting 
_ of the core, decreasing its ultimate strength; 
to partially restrain a typical shear failure, 
increasing the strength of the core; or neither, 
having no effect on the strength of the core. 
The contribution of additional compressive 
strength by a piece of reinforcement parallel 
~ to the core axis might be estimated by methods 
of ultimate strength design* for short tied 
columns. 


However, the preferable procedure would 

be to reject any core which contained rein- 

_ forcement. Whenever cores are taken from 
a structure several specimens should be se- 


cured, so that duplicates are available if 


reinforcement renders one unfit for test. 


One Institute member reports: “Over a 
period of years the writer has noticed the 


effect of concrete reinforcement on the com- 


-  ¥ACLASCE Committee 327, “Ultimate Strength 


“Design,” ACI JournaL, Jan. 1956, Proc. V. 52, pp. 
505-525. 


pressive strength results of cores obtained 
from structures. 

“The results of these observations have led 
me to conclude that in most cases the presence 
of one piece of reinforcement in a horizontal 
or nearly horizontal position lowers the com- 
pressive strength determination and renders 
the test inconclusive. It does seem obvious, 
however, that a situation could be such that 
the apparent strength might be increased. 


“In our laboratories we have, therefore, 
attempted to obtain additional samples and 
to reject cores containing any steel. If no 
duplicate samples were available we have 
cut off the portion containing steel and tested 
the remainder, even though decreasing the 
length of the core. Proper corrections, of 
course, were made. If the steel is in a vertical 
position no attempt has been made to test 
the sample.” 


see ek 


Q. A sand cement manufactured outside the 
United States is under consideration for general 
use in place of portland cement, ASTM Type 
I. Test results show that the sand cement meets 
all chemical requirements of ASTM C 340-66T 
for Type IP portland-pozzolan cement and the 
physical requirements for fineness, setting tume, 
soundness, air content, and water requirement. 
Mortar cube compressive strengths equal those 
for the Type I cement. The sand is principally 
feldspar and quartz and is used in amounts of 
12 to 18 percent, but has only slight pozzolanie 
activity. Can this sand cement properly be 
called portland-pozzolan and can it be recom- 
mended for general structural use or is tt 
particularly suited for some special use? 

A. The sand cement cannot be said to 
have met the requirements of the ASTM 
specification for portland pozzolan cement 
because no shrinkage test was made nor was 
a pozzolanic activity test made on the 
siliceous material which was added to the 
cement clinker. The nature of the siliceous 
material is such, however, that it would 
appear to have little or no pozzolanic activity, 
as stated. The.cement is in fact a sand — 
cement not unliké those which were used in 
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the construction of a number of U. S. dams 
very early in this century, although the per- 
centage of sand is lower, particularly than 
in some of the early constructions of the 
U. S. Reclamation Service including Arrow- 
rock Dam and Elephant Butte Dam. The 
high strength exhibited by the sand cement 
may be entirely accounted for by its very 
high fineness, the sand acting as a grinding 
aid. 

For the sand cements used in the United 
States where portland cement was inter- 
ground with disintegrated granite at Arrow- 
rock and with soft sandstone at Elephant 
Butte, at the job site, even for a 50-50 
mixture, the mortar strengths were about as 
high as those obtained with a straight port- 
land cement. Concrete strengths, however, 
were relatively much lower. 


The use of portland pozzolan cement 
(ASTM C 340-55T, Type IP) in the United 
States is not yet widespread. The estab- 
lishment of the specification for this type 
of cement is relatively recent (tentative in 
1955). Most of the building codes, archi- 
tects’ specifications, engineers’ specifications, 
governmental agencies’ specifications, etc., 
do not yet make provision for use of this 
cement. Several of the technical committees 
of the American Concrete Institute which 
prepare recommendations for building code 
requirements, pavement specifications, con- 
crete in housing, prestressed concrete, precast 
concrete, winter concreting, hot weather 
concreting, ete., include in their recom- 
mendations a specification for cement suitable 
in each of these fields. As yet, none of these 
committees have included portland pozzolan 
cement Type IP. However, the most 
recently adopted ACI standard, ‘Specifi- 
cations for Concrete Pavements and Concrete 


Bases (ACI 617-58),”’ does make provision, 


for the use of portland pozzolan cement as 
a blend with portland type cement for con- 
crete pavements. 


The use of pozzolan as a separate material 
to be introduced at the mixer has become 
quite general in mass concrete construction 
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such as dams and in other work where re- 
active aggregates are encountered. In some 
of our cities of the Middle West and East, 
fly ash (a pozzolan) is extensively employed 
in all types of construction. In small amount, 
diatomaceous earth (a very active pozzolan) 
has long been used to improve workability 
and inhibit bleeding. 


* * * 


Q. What is the detrimental influence of 
mica in concrete aggregates and the critical 
percentage if limits have been established? 

A. Mica itself is not ordinarily considered 
deleterious. Expanded mica is a standard 
lightweight aggregate useful for insulating or 
fireproofing purposes. There is no chemical 
incompatibility between mica and cement. 
It is however a physically softer material 
than ordinary natural aggregates. Mica 
present in minor amounts in a natural hard 
aggregate will affect strength and probably 
durability under freezing and thawing. 

Fine aggregates containing mica have 
usually been looked upon with suspicion. 
Very little information is available, however, 
on the quantitative influence of mica on the 
properties of concrete. Usually mortar 
strengths may be expected to decrease as the 
proportion of mica in fine aggregate increases. 
Limited data on this phenomenon is ineluded 
in a paper in Western Construction News, 
Aug. 25, 1927, p. 47. 


Minor amounts of mica occurring as rela- 


tively small inclusions disseminated through- 
out the particles of coarse aggregate would 
not usually be considered harmful. On the 
other hand, rock types in which mica occurs 
in such proportions and in such character 
as to cause the individual aggregate particles 
to be structurally weak would normally be 
considered unsuitable for use in concrete. — 


Instead of relying on critical percentage it 
is preferable to evaluate aggregate containing 
mica thoroughly by laboratory testing in- 
cluding tests on concrete made with a par- 
ticular aggregate as a means of judging its 
suitability for a particular use. 
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of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Design and construction of the Hindiya 
Bridge 
Joun F. C. SwANSBOURNE, Proceedings, Institution of 
Civil Engineers (London), V. 8 (session 1956-57), 
Sept. 1957, pp. 1-16, plates 
Reviewed by Aron L. Mirsky 
Bridge, comprising ten reinforced concrete 
spans and one centrally located steel tied- 
arch, crosses the Euphrates at Hindiya, 100 
km south of Baghdad, in Iraq. The five 
approach spans at either end of arch are 
continuous and monolithic with the piers 
and the hollow-type abutments; box girders, 
beams, pier shells, and other elements were 
precast. 


Bridges on German federal inter- 
regional highways. II—Massive 
bridges (Briickenbauten auf Bundes- 
fernstrassen. lI—Massive Briicken) 
W. Kumncenserc, Der Bauingenieur (Berlin), V. 32, 
No. 9, Sept. 1957, pp. 325-333. 
Reviewed by Aron L. Mirsky 
This portion of paper covers arches, 
multiple-arch viaducts, frames, prestressed 
concrete bridges, and other interesting recent 
concrete structures of large size. (For first 
part, see Der Bauingeneur, July 1957, pp. 
245-258; “Current Reviews,’ ACI JOURNAL, 
Oct. 1958, p. 519.) 


Bridging the Strait of Gibraltar (in Dutch) 


Polytechnisch Tijdschrift (Haarlem), V. 13, No. 
25-26, June 1958, pp. 448-450 


Reviewed by Joun B. SNETHLAGE 


This 3-page illustrated article describes a 
plan for a 25-span (each 1000 meters) sus- 
pension bridge designed by Alfonso Pefia 
Boeuf, chief engineer of roads, canals and 


harbors of the Republic of Spain. A location 
plan, with underwater contours, shows the 
bridge site westward from the narrowest 
point (14 km) where the greatest water 
depth is said to be 1000 m. At the more 
westward site, bridge piers up to 400 m deep 
are planned and illustrations show how this 
can be accomplished. Don Alfonso is said 
to estimate the cost of the bridge at 8 billion 
pesetas. 


Construction 


Building with tilt up 
F. Tuomas Cotuins, Know How Publications, Eugene, 
Ore., 2nd Edition, 1958, 160 pp., $10.00 

Describes and illustrates proven field 
procedures in the construction of precast and 
tilt-up reinforced concrete buildings. Covers 
common sources of trouble and explains 
field procedures for avoiding trouble. In- 
cludes discussions on advanced planning, soil 
and foundations, floor slabs, wall panels, hot 
and cold weather problems, pick up and erec- 
tion, bracing, and joinery. Written especially 
for contractors, it should be equally useful for 
designers to insure practicable and economical 
designs. 


Warped deck garage construction 
E. M. Kuovury, Parking, Spring 1958, pp. 13-14 
Hieuway Resparcn ABSTRACTS 
July 1958 
The design discussed here shows a multi- 
story parking garage structure without the 
conventional ramps or spiralling ramps, 
usually associated with garage structures. 
Access to upper floors and exit from upper 
floors is accomplished by warping the floors © 


language. In those cases where the foreign title cannot conveniently be set in type or is not available, the language 
of the original article is indicated in parentheses following the English title. 


Copies of articles or books reyiewed 


are not available through ACI. Available addresses of publishers are listed in the June ‘Current Reviews” each 


year. In most cases ACI can furnish addresses of pablications added later. 


For those members who cut apart this section for psting on cards for card i 
’ section are available from ACI headquarters on request. 


mentary reprints of the “Current Reviews 
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in such a manner as to bring this condition 
about. The design differs considerably from 
the conventional garage designs of the ramp- 
ing type. 

The warped deck is constructed as a 
hyperbolic paraboloid. 


Housing problem and the industrial- 
ization of construction (Le probléme 
du logement et I’industrialisation de 
la construction) 
Epovarp Fovera, Mémoires, Société des Ingénieurs 
Civils e France (Paris), V. 3, No. 1, Jan.-Feb. 1958, 
3 pee Reviewed by Aron L. Mirsky 
Postponed construction, wartime destruc- 
tion, normal expansion and postwar migra- 
tion, and other factors have resulted in a 
large demand for dwellings in France. To 
fill this demand, at reasonable costs, factory- 
type prefabrication of building elements and 
mechanized erection methods are necessary. 
Paper surveys all facets of problem and its 
solution. While viewpoint is French, prob- 


lem is, of course, not entirely foreign to the 


American scene, and solution may well 
repay study. 


Design 


Plastic theory of curved beams with 
compressive axial forces 


P. Lance Hansen, Bulletin No. 7, Research Labora- 
tory of Building Technique, Technical University of 
Denmark, Copenhagen, 1957, 32 pp., 7.50 D,kr., 
reprinted from Acta Polytechnica pupenhagen), No. 


215, 1957 (Civil Engineering and Building Construc- 


tion Series, V. 4, No. 1) 
: Avruor's Summary 


Tests showed that in cases where the beam 


had compressive axial forces, the collapse 
load could be considerably lower than the 


theoretical value calculable in the original 
geometry of the structure. Deviations were 
found ranging between 1 and 21 percent. 


A method is indicated transforming the 
difficult problem of plastic instability to a 
stress problem, assuming the bending moment 
at all the plastic hinges to be the full plastic 
moment. The method consists in first deter- 
mining the structural deflections in the col- 
lapse stage and next determining the collapse 
load in the deflected structure. The deflec- 
tions are determined by assuming the beam 
to consist of localized plastic hinges and 
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elastic regions in between. A numerical 
example is given. 

The results of the method have been com- 
pared with the tests published, the data of 
which show good agreement—within a range 
of 5 percent—between calculated and actual 


collapse loads. 


On the application of the theory of 
bending of orthotropic plates to the 
analysis of skewed stringer bridges 
(Uber die Anwendung der Biegungs- 
theorie orthotroper Platten auf die 
Berechnung schiefer Balkenbriicken) 
M. Narvoxa and H. Yonezawa, Der Bauingenieur 
(Berlin), V. 32, No. 10, Oct. 1957, pp. 391-395 
Reviewed by Aron L. Mirsky 

Method of finite differences was applied to 
analysis of skewed T-beam type bridges 
(without curbs), considered as orthotrophic 
plates. Results are in good correspondence 
with those obtained by analytical solution. 
Test of a model, in cast iron, of a bridge with 
a 45 deg skew gave results in good agree- 
ment with values obtained by authors’ 
method, as distinguished from those obtained 
by other methods (e.g., neglecting effete of 
the skew). 


On Mohr's law (Uber den Mohrschen 
Satz) 
FERDINAND ScuuEicnerR, Der Bawingenieur (Berlin), 
V. 32, No. 10, Oct. 1957, pp. 369-377 
Reviewed by Aron L. Mirsky 

An interesting presentation of Mohr’s elas- 
sic analogy between the elastic curve and the 
funicular polygon. First published in 1868, 
this analogy has been the basis of much of 
our structural engineering. Readers familiar 
with the various methods in use today, as 
given in, say, Timoshenko and Young’s 
Theory of Structures (McGraw-Hill), will 
find in this outline an excellent summary of 
the growth of Mohr’s analogy, much ‘of it 
due to Mohr himself. 


On the limit design of reinforced- 
concrete plates (in Hungarian) 

Oo. . Mi T i 

pea Wb, Nort, Nedamersey, Akgdemat (Buda 

Arpiiep Mecnanics Revirws 

Aug. 1958 (J. Barta) 

Aim of paper is to determine limit load. 

The plate is simply supported. The steel 

bars are placed perpendicularly on each 


\ 


\ 
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other. The train of thought differs from one 
of the fundamental theorems of the limit 
design theory, which says that the intensity 
of the limit load is intensity of that statically 
possible load, the bending moments of which 
are not greater than the limit bending mo- 
ments. A detailed computation is executed 
for the rectangular plate. 


Safety factor in eccentrically stressed 
_ ferroconcrete 


structural components 
(in Russian) 


M. I. Bycuxoy, Trudy Ural’skogo Politekhnicheskogo 


Instituta (Sverdlovsk), No. 54, 1955, pp. 117-125 


PPLIED Mrcuanics REVIEWS 

Aug. 1958 (N. 8. Kurdin) 

Using known formulas for calculation, 
author obtains an inequality k./ky~ 1 where 
ke is the safety factor through the eccentricity, 
ky is the safety factor through the longi- 
tudinal force, the signs of inequality <,> 
relate to the eccentric stress of the first and 
second degree. Here two variants of rupture 
are examined: (1) the longitudinal force 
increases, while the eccentricity remains 
constant; (2) the longitudinal force does not 
change, while the eccentricity increases. 
Examples are put forward, and a short survey 
is given of the works connected with the 
coefficient of safety for eccentrically stressed 

ferroconcrete structural members. 


Materials 


Frost resistance of cement paste as in- 


fluenced by surface-active agents 


Unr Danretsson and ANDERS WASTESSON, Proceed- 
ings No. 30, Swedish Cement and Concrete Research 


Institute (Stockholm), 1958, 38 pp., 5 kr. 
AvutHors’ SUMMARY 


The effect of five different surface-active 
agents on the frost resistance of cement pastes 


of varying water-cement ratios has been in- 


vestigated. The results indicate that the 
frost resistance is mainly determined by the 
volume and size distribution of the air-filled 
pores in the pastes, while chemical effects are 


— of minor importance. 


A theory—the theory of the frost-protected 


_ yolume ratio—is advanced to explain frost 
damage, based upon the same fundamental 


assumptions as the hydraulic pressure theory 
put forward by T. C. Powers. The theory 


£ ~ takes the actual size-distribution of the pores 
into account, instead of assuming them to be 
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of the same size. The frost resistance is ex- 
pressed in terms of the frost-protected volume 
per unit volume of paste, vp, Which is approxi- 
mately: 

Up = A (1 + Kae) 


where A is the total air content per unit 
volume of paste, a the mean specific surface 
area of the pores, and K is a coefficient of 
dimension length which depends on the water- 
cement ratio and age of the paste, the freez- 
ing conditions, and other factors. This for- 
mula represents the two first terms of a series 
and has been found to give a fair estimate 
of frost resistance. 

It follows that admixtures which give small 
and well separated pores are preferable, but 
because of their effect on the workability, 
other admixtures may be of comparable merit, 
due to the possibility they offer of decreasing 
the water-cement ratio, and thus improving 
the frost resistance. 


Chemical reactions of aggregate in 


concrete 

Special Report No. 31, Highway Research Board 
(Committee on Durability of Concrete—Chemical 
Aspects), 1958, 12 pp. 

Identifies minerals or rocks known to cause 
deleterious chemical reactions in concrete. 
Lists the geographical location of known re- 
active aggregates in the United States; de-. 
scribes various test methods to identify them 
and discusses recommended procedures for 
their use. Discussions include alkali-aggre- 
gate reaction and cement-aggregate reaction. 


Setting, strength, and aeration of 


supersulfated cement 
Katsuuiko Asaoka and E1zo Sano, Semento Gijutsu 
Nenpo, V. 9, 1955, pp. 139-145 

Crramic ABSTRACTS 


Aug. 1958 (Y. Suzukawa) 


The cements were prepared by mixing slag 
80 to 85 percent, various forms of gypsum 
15 percent, and clinker 0 to 5 percent by 
weight. Their physical properties were com- 
pared with those of portland and portland — 
blast furnace slag cements. The cement 
consisting of 83 percent slag, 15. percent 
gypsum, and 2 percent clinker by weight 
showed superior strength. Among various 
forms of gypsum, synthetic anhydrite cal- 
cined at 850 C is most desirable next to 
natural anhydrite. When these cements 
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were aerated for 3 months, the mortar 
strength of cements containing 2 percent by 
weight of portland cement decreased con- 
siderably, but that of cements containing 
5 percent by weight increased about two to 
five times that of the original cements. 


False set of portland cement—chemical 
composition of the liquid extracted 
from neat cement paste 
Yosurkazu Murakami, Semento Gijutsu Nenpo, V. 
10, 1956, pp. 61-67 
Ceramic ABSTRACTS 
Sept. 1958 (Y. Suzukawa) 

False set due to CaSO,4-1/2H.0 can be 
explained by determining the chemical compo- 
sition of the liquid extracted from neat 
paste of normal consistency immediately 
and at 10 min after mixing. No explanation 
was found, however, for the false set of 
portland cement containing CaSO,-2H,0. 


Effect of blast furnace slag on the 
water permeability of mortar 
Naosur Kuso and Takro Suzuki, Semento Gijutsu 
Nenpo, V. 11, 1957, pp. 156-162 
Ceramic ABSTRACTS 
Sept. 1958 (Y. Suzukawa) 

Water permeability of mortar decreases 
when the cement is replaced by slag of 
superior quality, and it shows a minimum 
value at 30 to 50 percent by weight replace- 
ment. Fly ash is inferior to slag for decreas- 
ing water permeability. 


Effect of particle-size distribution of 
cements ground in a test ball mill on 
their mortar strength 
Suicesmmo Mort and Tosnio Kawano, Semento 
Gijutsu Nenpo, V. 10, 1956, pp. 156-164 
Ceramic AnsTrRacts 
Sept. 1958 (Y. Suzukawa) 
Determination of particle-size distribution 
by the air elutriation method showed that, 
in the scope of the present experiments, the 
value of n in the exponential formula 
(R = e-**") is affected principally by the 
amount of particles < 154 and, in cements 
having the same value of k, the specific 
surface (Blaine) increases with increasing 
value of n. The effects of the amount of 
particles < 15u, 15 to 40u and > 40p on 
mortar strength development were deter- 
mined by the method of least squares. It 
was found that the particles < 15u contribute 
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the strength at earlier ages, especially at 
3 days, and the particles of 15 to 404 are 
effective for strength development at later 
ages. Compressive strength of cements 
having the same specific surface and a 
different value of n showed no differences at 
1 day, but the higher the value of n, the 
greater was the strength and heat of hydra- 
tion at later ages. 


Effect of the fineness of slag and 
clinker on the properties of portland 
blast furnace slag cement 
Cuoxvr Sarro and Tosnitsucu Iwapucut, Semento 
Gijutsu Nenpo, V. 11, 1957, pp. 150-156 
Ceramic ABSTRACTS 
Sept. 1958 (Y. Suzukawa) 

When slag or clinker was charged in a 
test mill (480 x 620 mm) so that the same 
volume percentage of the voids in the grind- 
ing media was occupied by them, no difference 
in their grindability was observed during 
coarse grinding, but the fine grinding of slag 
was easier than that of clinker. Drying 
shrinkage of the cement mortar increased 
with increasing fineness of slag and clinker, 
the effect of the fineness of the clinker being 
especially greater. No difference in the 
resistance of concrete specimens to rapid 
freezing and thawing in water was observed 
between the original portland cement and 
the portland blast-furnace slag cements con- 
taining up to 50 percent by weight of slag. 


Effectiveness of mineral admixtures 
in preventing excessive expansion of 
concrete due to alkali-aggregate re- 
action 


Avan D. Buck, B. J. Houston, and Lronarp 
Preprer, Technical eg No. 6-481, Waterways 
Experiment Station, Vicksburg, Miss., July 1958, 
54 pp., $0.75 


Autuors’ SUMMARY 

Twenty materials, representing eight differ- 
ent classes of mineral admixtures, were 
evaluated, using both chemical and mortar 
bar test methods, for their effectiveness in 
preventing excessive expansion of concrete 
due to alkali-aggregate reaction. It was 
found that the chemical tests cannot be used 
with reliance to evaluate effectiveness, and 
the mortar bar test method needs improve- 
ment to increase its precision. Each of the 
replacement materials evaluated will prevent 
excessive expansion if a sufficient quantity 
is used. Correlations were found between 
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effectiveness and (1) fineness, (2) dissolved 
silica, and (3) percentage of alkali retained 
The eight classes of 
mineral admixtures represented in the tests 
were: granulated blast furnace slags, natural 
cements, fly ashes, natural volcanic glasses, 
calcined opaline shales, uncalcined diatomite, 
uncalcined quartz, and synthetic pure silica 
glass. 


Characteristics of false set not due to 
the setting of calcium sulfate hemi- 
hydrate 


Yosurxazu Murakami, Semento Gijutsu Nenpo, V. 
11, 1957, pp. 61-66 
Crramic ABSTRACTS 
Sept. 1958 (Y. Suzukawa) 
False set of portland cement cannot be 
explained only by the setting of CaSO.: 
1/2H,0, because cement containing CaSO, 
2H.0 also shows false set. False set of the 
latter type is observed when the cement is 
aerated slightly in air of lower humidity, but 
the cement again shows normal set when 
placed in air of higher humidity. False set 
is very sensitive to the testing temperature, 
ie., the cement changes from false set to 
normal set when the testing temperature is 
lowered to 2 to 3 C. 


Effect of initial curing temperature of 
neat cement paste on the degree of 
hydration 


Suunsuke TaKANo, Kenicut OISHI, and Osaku 
Marsupa, Semento Gijutsu Nenpo, No. 9, 1955, pp. 78- 
84 


Crramic ABSTRACTS 
July 1958 (Suzukawa) 


Determinations of compressive strength, 
porosity, and CA(OH)» content showed that 
the lower the initial curing temperature, the 
denser is the structure of the hardened paste, 
the higher is the strength, and the greater is 
the degree of hydration. 


Investigations of Danish aggregates at 
Building Research Station of England 


F. E. Jonzs, Progress Report I 1, Committee on Alkali 
Reactions in Concrete, The Danish National Institute 
of Building Research and the Academy of Technical 
Sciences, Copenhagen, 1958, 62. pp., 12 D.kr. (25 
percent discount may be obtained by ordering full 


series) 


Reports on laboratory and field investiga- 
tion of alkali-aggregate reactions. Most of 


the distressed concrete examined in the field 
__ study was located on various Danish bridges. 
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Laboratory investigation divided reactive 
aggregate into two classes, that which would 
cause harmful expansion, and that suitable 
for use provided no additional source of 
alkali other than cement would be present in 
service. It was found that some of the bridges 
constructed with the latter type of aggregates 
deteriorated only when exposed to sea water. 


Pozzolith (in Dutch) 
J. van Zurpunn, Polytechnisch Tijdschrift (Haarlem), 
V. 13, No. 27-28, June 1958, pp. 447-484 
Reviewed by Joun B. SNETHLAGE 

Article with photographs, tabulations, 
curves, and graphs, describes the effect of 
pozzolith on concrete, particularly with 
respect to workability, strength, bond to 
steel, shrinkage, watertightness and dur- 
ability. Pozzolith is manufactured under 
license by Pozzobel S.A. in Antwerp. 


Statistical study of flexural strength of 


concrete beams 
Wituam GC. Orro, Proceedings, ASTM, V. 57, 1957, 


pp. 1154-1167; discussion pp. 1168-1169 

The variability of flexural strength of 
conerete for airfield pavement is considered. 
All of the data relate to eight airfield proj- 
ects. The concrete pavements represented 
by the data include runways, taxiways, 
parking aprons, and warm-up aprons. 


Slip-form paver lays reinforced slab 
Grorer N. Mixes, Roads and Streets, V. 101, No. 8, 
Aug. 1958, pp. 53-55 F 

A mile of experimental concrete pavement 
was placed in Colorado demonstrating that 
reinforcement need not deter the use of slip- 
form pavers. The contractor developed a 
special “‘sled’’ device that was attached to 
the front of the slip-form paver to handle 
the wire mesh. Initial difficulties with the 
method and their solution are described. 


Review of available information on 
polyvinyl acetate as an admixture for 


concrete 


CuarA F. De5rrincTon and LEoNARD PEPPER, 
Technical Report No. 6-486, U. §. Army Engineer 
Waterways Experiment Station, Vicksburg, Miss., 
July 1958, 11 pp-, $0.50 


AutHor’s SUMMARY 

Presents a review of available literature 
pertaining to the incorporation of polyvinyl 
acetate as a concrete admixture into mortar 
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or concrete mixtures. Polyvinyl acetate has 
been reported to produce excellent bonding 
of the fresh mortar to old concrete and to 
improve several properties of concrete. This 
review of available literature suggests that 
mortar containing PVA exhibits improved 
physical properties when the modified con- 
crete is cured in a dry atmosphere. How- 
ever, when mortar containing PVA is im- 
mersed in water or subjected to weather 
conditions involving high humidities, con- 
siderable loss of strength, warping, and 
cracking result. 


Lignin as a retarder for concrete 
M. T. Lovcusoroven, Ontario Hydro Research News 
(Toronto), V. 10, No. 1, Jan.-Mar. 1958, pp. 15-19 
Author describes conditions of weather or 
special placement requirements where retar- 
dation of the rate of stiffening of concrete is 
desirable. The effects of lignin to accomplish 
this result as well as its effect on water re- 
quirement, air entrainment, and compressive 
strengths of the concrete are included. 
Conclusion is that lignin can be useful for 
controlling the rate of stiffening of concrete 
and that adjustment of the dosage gives a 
wide range in degree of retardation. Concrete 
control personnel must assume additional 
responsibilities to insure proper use of ad- 
mixtures. 


Pavements 


Design of continuously reinforced 


_ concrete pavement 


design theory to field performance. 


_ Wayne R. Woottny, Bulletin No. 181, Highway Re- 


search Board, May 1958, pp. 1-4 


Compares results by presently available 
Con- 
cludes that design theory is inadequate but 
that performance justifies a minimum of Bo) 
percent reinforcement. 


Highway division experiments with 
slab reinforcing 
Joun L. Beaton, Southwest Builder and Contractor, 
V. 131, No, 15, Apr. 1958, pp. 47-48, 50, 51, 60 
IanWay Researcu ABSTRACTS 
July 1958 
Result of a study on reinforcing steel by 
the California Division of Highways was to 
recommend: (1) For fabricating caps, or 
other non-stress-carrying members, any type 
of welding that did not result in undercutting, 
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cracking, or hardening of weld area could be 
used. (2) For major stress-carrying rein- 
forcing steel, either pressure gas, flash, or 
manual welding could be used. Because of 
economy, it is considered that manual weld- 
ing would be the most practical. Manual 
welding should use low hydrogen electrodes 
(E7015 and E7016 for intermediate grade 
and E8015 or E8016 for hard grade). Bars 
of the #14 or #18 size should be preheated 

400 F in the weld area. 


Preliminary report on continuously re- 
inforced concrete pavement research 
in Pennsylvania 
R. L. Scuirrman, I. J. Taytor, and W. J. Eney, 
Bulletin No. 181, Highway Research Board, May 1958, 
pp. 5-20 

A preliminary report on construction pro- 
cedures and test measurement details on two 
continuously reinforced concrete pavements. 
Studies are underway on crack frequency 
and crack width related to slab temperature. 
The paper describes results obtained during 
the first 2 months of the pavements life. 


Energy-absorbing barrier for highways 
Norman L. Pepersen, Jonn H. Matnewson and 
Drewyn M. Severy, Bulletin No. 185, Highway Re- 
search Board, May 1958, pp. 19-29 

Describes a reinforced concrete energy- 
absorbing barrier system consisting of a 
series of corrugated concrete slabs designed 
to absorb approximately 2000 ft-lb at usual 
impact speeds and reinforced to prevent 
severe fragmentation. 


Precast Concrete 


Measuring shrinkage of concrete block 
—a comparison of test methods 
E. L. Saxer and H. T, Tornntes, Proceedings, ASTM, 
V. 57, 1957, pp. 988-1005; discussion pp. 1006-1011 
Avrnors’ SumMMARY 

Concrete masonry units, made with five 
different aggregates and cured by low 
pressure steam or by autoclaving, were tested 
for drying shrinkage by three different 
methods. Auxiliary tests were made on 
prisms cut from companion block. Physical 
properties of the block and the aggregate 
were determined. 

The data indicate that the “modified 
British test’? on whole block units could be 


+... Te ok EA OS 7 
, Ne 


uj 


>. > Be 


S 


ne EN 


‘~ 
\ 


Pee 


‘S 


FETT OE 


‘substituted as an accelerated test method 


of measuring concrete masonry shrinkage 
as it occurs during normal atmospheric 
drying. 

Shrinkage measurements by the acceler- 
ated “rapid test’? were substantially greater 
than those occurring with normal drying. 
No single correlation, applicable to all block, 


could be established between “rapid test’ 


measurements and normal drying shrinkage, 
but a fair correlation was noted for block 
manufactured by a given curing technique. 


Shrinkage measurements on cut prism 
sections were inconsistent and showed poor 
correlation with results obtained on whole 
block. 


Industrial production of precast con- 
crete structural units in Denmark 
Arno JEensEN and Jannix_ Iprsun, Ingenigren, C 
Edition (Copenhagen), V. 2, No. 2, May 1958, pp. 
ans Reviewed by JEsPER STRANDGAARD 
The illustrated article gives a brief account 
of the production of precast concrete units, 
conventionally reinforced and pretensioned. 
The phases of production, design, planning, 
form making, concrete mixes, vibration, 
curing, and surface treatment are described, 
and a variety of examples of uses of precast 
units are given. The standardization of 
certain types of beams is shown together 
with tables of load capacity, and this stand- 
ardization is credited with the wide use of 


-such beams by the building industry in 


~ - Denmark. 


Prestressed Concrete 


- Prestressed concrete in Italy (El hormi- 


gon pretensado en Italia) 
Franco Levi, Bulletin No. 184, Instituto Técnico de 
la Construccién y del Cemento, Madrid, 1957, 26 pp. 
Reviewed by Roaur Diaz pE Cossio 
A general picture of the status of pre- 
stressed concrete construction in Italy today. 
Mention is made of different applications of 
prestressing techniques including shell roofs, 
frames, bridges, and warehouses. Of special 
interest is the description of the erection of 
a 235-ft three-hinged reinforced concrete 
arch. The two halves of the arch were cast 
at the sides of the river and then rotated 
around the supports with the help of tempo- 
rary prestressed cables of variable tension to 


CURRENT REVIEWS 


665 


diminish the stresses caused by the move- 
ment. The author makes some comparisons 
between ‘“‘static’? and continuous construc- 
tions, and discusses the uses of temporary 
‘hinges’? while the members are erected. 
Economic considerations on reinforced and 
prestressed concrete are also given. 


Prestressed concrete-theory and design 
R. H. Evans and E. W. Brennert, John Wiley & 
Sons, Inc., New York, 1958, 294 pp., $10 

Part 1 (covering prestressing and flexure 
under working load, prestressing force, 
flexural strength, and shear and_ principal 
tensile stresses) is devoted to the basic 
principles which apply to all types of pre- 
stressed concrete structures. Part 2 deals 
with the design of simply supported beams. 
The aim of this section is to bridge the gap 
between principles and practice and the 
maximum possible use is made of formulas, 
tables, and graphs. Part 3 introduces 
specialized types of prestressed structures 
and outlines the main principles. Special 
applications covered are: composite construc- 
tion of prestressed and cast-in-place concrete, 
miscellaneous statically determinate struc- 
tures, indeterminate structures, liquid-retain- 
ing structures, and domes and shells. 

The notation in the book is based on the 
recommendations of the First Report of the 
Institution of Structural Engineers of 
England. However, the authors have in- 
cluded in their table of notation the equiva- 
lent American symbol for each item where 
one exists. 


Properties of Concrete 


Studies of flexural strength of con- 
crete—Part 3: Effects of variations in 


testing procedures 


Sranton Waker and Deimar L. Buiorm, Pro- 
ceedings, ASTM, V. 57, 1957, pp. 1122-1139; discussion 
pp. 1140-1142 


AvutTHors’ SUMMARY 

The indicated flexural strength of concrete 
is more significantly affected by relatively 
obscure factors than is commonly realized. 
The investigation described provides data 
on modulus of rupture for: different positions 
of beams as molded; five methods of applying 
load; beams of different cross sections; 
sawed versus molded beams; and different 
moisture conditions of specimens and different 
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ages at test. Data are also presented on 
reproducibility of duplicate tests on the same 
beam and comparisons between flexural and 
compressive strength. The data point to 
the need for a review of current testing 
procedures. They suggest also that, while 
the flexural strength test is a useful tool in 
research and in the laboratory evaluation of 
concrete ingredients and proportions, it is 
too sensitive to testing variations to be 
usable as a basis for the acceptance or re- 
jection of concrete in the field. 

Part 1 of this study was reviewed in the 
October 1956 “Current Reviews’’ section, 
p. 4381. 


Effect of calcium chloride on sulfate 
resistance of mortar and concrete 


Nosve Fuxupa and Iwao Yamapba, Semento Gijutsu 
Nenpo, V. 10, pp. 182-188 
ERAMIC ABSTRACTS 


Sept. Sone (Y. Suzukawa) 


A small increase or decrease in the sulfate 
resistance of mortar cured in 10 percent 
solution of NasSO, or MgSO,, respectively, 
was observed when 2 percent by weight of 
anhydrous CaCl, was added to a cement. 
The CaCl, seems to have little influence on 
the sulfate resistance of concrete up to the 
age of 6 months. 


Instrumentation for measuring char- 
acteristics of concrete 

Bulletin 176, Highway Research Board, Apr. 1958, 
28 pp., $0.60 

This bulletin contains three papers pre- 
sented at the 36th Annual Meeting of the 
Highway Research Board. 

The first, by G. E. Monfore, describes a 
new type of standardizing unbonded elastic 
wire strain gage that can be surface-mounted 
or embedded in concrete for measurements 
requiring long-term stability. 

The second, by George Verbeck and Paul 
Klieger, describes the development and 
operation of a calorimeter-strain apparatus 
for study of freezing and thawing concrete, 
especially the determination of (a) the amount 
of water actually freezing within a concrete 
specimen as a function of temperature and 
time, and (b) the physical response of the 
specimen in terms of length change as this 
water is frozen. 

The third, by W. E. Grieb, deseribing the 
AE-55 indicator is reviewed next. 
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AE-55 indicator for air in concrete 

¥. E. Gries, Bulletin No. 176, Highway Research 
Board, Apr. 1958, pp. 23-28 

Presents comparisons on the measurement 
of entrained air in concrete by standard 
methods and by the ‘“Chace’’ pocket meter. 
Corrections were determined for the pocket 
air indicator and with these corrections it 
was concluded that it would be very useful 
as a supplementary test but that it should 
not be considered suitable for replacing 
standard methods. Includes a discussion 
presenting further data in agreement with 
the original. 


Long-term expansion of perlite plaster 
ane concrete 
Hi, Australian Journal of Applied Science 
Ficdbouenh.Y. 9, No. 2, 1958, pp. 141-162 
AvutTHoR's SUMMARY 

A study has been made of five perlite 
aggregates and their raw materials, and of 
perlite plaster and concrete made with these 
aggregates. Evidence is presented to show 
that the principal cause of the long-term ex-. 
pansion in perlite plaster and concrete is the 
expansion of the aggregate upon rehydration, 
and that the ion exchange is, at the most, of 
minor importance. Factors which influence 
the rate of the expansion are the nature of the 
raw material, the density of the aggregate 
and its content of bound water at the time of 
use, the relative humidity of the atmosphere, 
and the hygroscopicity of the plaster. The 
temperature at which the raw material was 
processed also has an effect, probably indi- 
rect, on the rate. The causes of high rates of 
expansion and the means for their prevention 
are discussed. 


Thermal conductivity of refractory in- 
sulating concrete 
W. C, Hansen and A. F. Livovicn, American Cera 
Society Bulletin, V. 37, No. 7, vay, 1958, ha tte 
Avurnors'’ SUMMARY 
Thermal conductivity data are given for 20 
insulating and three dense refractory Lum- 
nite cement concretes. Data for 15 con- 
cretes were found in good agreement with a 
curve established by the authors to show the 
relationship between thermal conductivity 
and unit weight of the concrete, whereas the 
data for the remaining eight concretes de- 
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viated from the curve by more than 5 percent, 
i.e., in excess of limits of accuracy of the test. 
The 23 concretes were selected for the tests 
on the basis of the desired unit weights, which 
were achieved by various means such as the 
blending of different aggregates, varying size 
and type of aggregate, varying the method of 
placing, and by using air-entraining agents. 


Structural Research 


Phoftoelastic investigations with 
models of reinforced concrete and 
prestressed concrete structures (Span- 
nungsoptische Versuche mit Stahl- 
und Spannbetonmodellen) 
Max Kurner, VDI Zeitschrift (Disseldorf), V. 100, 
No. 9, Mar. 21, 1958, pp. 361-364 
Reviewed by Aron L. Mirsxy 

An illustrated abstract of the pioneer and 
three recent papers: A. H. Beyer and A. G. 
Solakian, Proceedings, ASCH, V. 99, 1934, 
pp. 1196-1212; and two papers by H. H. 
Racké, Schweizer Archiv fur angewandte 
Wissenschaft wnd Technik (Solothurn), V. 
22, 1956, pp. 150-163 and 169-177, and a 
dissertation by A. C. de Vasconcelos, Munich, 
1955, on photoelastic investigations using 
plastic models with metallic inserts. No 
mention is made of the work of R. G. Boiten 
(Applied Scientific Research (The Hague), 
V. 5, No. 5, Section A, 1955, pp. 359-373; 
“Current Reviews,’ ACI Journat, May 
1956, p. 1024). 


Effect of surface characteristics and 
plastic properties of reinforcement on 
the redistribution of stresses in stati- 
cally indeterminate reinforced concrete 
construction (in Russian) 


S. M. Krynov and §. I. Ixramov, Beton i Zhelezobeton 
(Moscow), May 1958, pp. 183-8 


Reviewed by D. WaTSTEIN 

This experimental study is concerned with 
the behavior and mode of failure of beams 
continuous over two spans, reinforced with 
three different types of steel bars: hot rolled 


- deformed bars, cold worked plain bars, and 


cold worked deformed bars. It was found 


_ that the character and degree of redistri- 
bution of stresses depend upon the surface 


characteristic of the bar as well as their 
plastic properties. The plain cold worked 


bar permitted the redistribution of stresses 


without either producing a brittle failure or 
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without developing a strain approaching the 
value causing a tensile failure. 

However, the cold worked deformed bar 
having the same plastic properties was 
fractured during the test of the beam. The 
fracture was attributed to the fact that the 
lugs of the deformed bar and the resulting 
good bond with the concrete interfered with 
the redistribution of stresses forcing the large 
strains associated with redistribution of 
stress to be confined to a relatively short 
length of the bar. This resulted in a rapid 
loss of the plastic properties and fracture of 
the reinforcement in that section. 

Plain reinforcing bars which lost their 
bond over a considerable length as the load 
approached the maximum value still had 
considerable reserve of plastic properties at 
the time of destruction of the compressive 
zone and were able to develop redistribution 
of- stresses. 

Hot rolled deformed bars were found 
capable of permitting considerable redistri- 
bution of stresses without fracturing. How- 
ever, it is pointed out that such reinforce- 
ment must have considerable plastic proper- 
ties, otherwise its behavior will be analogous 
to the behavior of cold worked deformed bars. 

The bending moment over the middle 
support was reduced about 30 percent by 
virtue of the redistribution of stresses, as 
compared with the value computed by elastic 
analysis, while the maximum width of cracks 
observed ovei the middle support did not 
exceed 0.2 mm. 


General 


Fiftieth anniversary—German Com- 
mittee for Reinforced Concrete, 1907- 
1957 (in German) 
Wilhelm Ernst and Son, Berlin, 1957, 124 pp., 24 DM 
Reviewed by Frirz KraMRISCH 

To celebrate its 50th anniversary the 
Deutscher Ausschuss fiir Stahlbeton pub- 
lished a brochure containing the history of. 
the organization and biographies of some of 
its most famous deceased members; also 
included is a list and digest of the test pro- 
grams and reports the society has performed 
and published during its existence as well as 
a list of its committees and members. 

It offers a review of the development of 
reinforced concréte and of the building code 
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struction for which this society deserves 
5 great credit and has gained undisputed 
respect all over the world. A short preview 
4 of the developments that can reasonably be 
ay expected and foreseen for the future con- 
cludes this impressive brochure. 


Performance tests of concrete truck 


ss mixers 

~* Aubert G. Timms, Proceedings, ASTM, V. 57, pp. 
= 1012-1026; discussion 1027-1028 

. 7 Concrete truck mixers of the inclined axis 


type were tested under field conditions. The 
. effects of nine different batching sequences 
7 on the uniformity of both air-entrained and 
Ee non-air-entrained concrete were investigated. 
_ ‘The number of revolutions of the mixer drum 
E: was varied in steps from 50 to 150. 


The results of the tests clearly demon- 
strated that uniform pavement concrete with 
Sa slumps below 2 in. can be made and dis- 
_ charged reasonably rapidly without signifi- 
cant segregation of the ingredients. For 
satisfactory uniformity, the minimum revo- 
lutions of the drum recommended by the 
_ ASTM specifications appeared sufficient for 
the majority of the loading methods; improve- 
ment in uniformity was obtained by inereas- 
_ ing the number of revolutions of the mixer 
_ drum. The tests indicated the importance 
of having water in the drum for both ribbon 
and split loading. . 


ie , 
Corrosion of reinforcing steel and 
repair of concrete in a marine en- 
vironment 

in No. 182, 

_ This bulletin comprises the two parts of a 
_ paper entitled “Causes and Repair of De- 
_ terioration to a California -Bridge Due to 
_ Corrosion of Reinforcing Steel in a Marine 
Environment.” 


Part I: Method of repair 
si" _M. W. Gewertz, pp. 1-17 


Highway Research Board, May 


Discusses the history, character, and extent 
_ of the deterioration encountered in the San 
- Mateo-Hayward Bridge; the inspection and 
___ estimating procedures prior to repair; repair 
procedures; the basis of contract payment; 
and the costs of repairs. 


Battery TreMPER, JoHN L. Beaton, and R. F. 
STRATFULL, pp. 18-41 

Describes results of tests and observations 
to establish the cause of corroding reinforce- 
ment in the San Mateo-Hayward Bridge. 
Permeable concrete exposed to salt water 
spray resulted in severe corrosion of the steel 
causing spalling of the concrete. Some 
evidence of sulfate attack in the concrete is 
recorded. The corrosion was identified as 
galvanic corrosion. Two experimental 
methods of eliminating or retarding future 
corrosion under test include (a) cathodic 
protection and (b) application of a coating 
impervious to oxygen to the surface of 
cathodic areas of the deck units. 


Appreciation of the Schmidt rebound 
hammer 
J. Kotex, Magazine of Concrete Research (London), 
V. 10, No. 28, Mar. 1958, pp. 27-36 
AvutHor’s SUMMARY 

The Schmidt rebound hammer is described 
and some theoretical aspects underlying the 
functioning of the hammer are discussed and 
supported by some experimental results. 
The method of performing the test and its 
limitations under different conditions are 
described. Correlations with rate of wear of 
concrete and compressive strength on the 
basis of 500 cube results are derived. The 
Schmidt rebound hammer is recommended 
for use in two categories of application—on 
the building site and in precast works. 


Investigation of the quality of thick 
concrete by ultrasonic pulse propaga- 
tion 


A. E. Cawxeit, Magazine of Concrete R. ch ~ 
don), V. 10, No. 28, Mar. 1958, PP. 23-26 = 


Avrnor's SumMARY 

The velocity of ultrasonic pulses through 
concrete is measured by an oscillograph tim- 
ing technique. The relation between velocity 
and concrete quality has been described else- 
where. To increase the range—about 8 ft 
through good quality concrete with the. 
standard instrument (type UCT )—higher 
power, and low frequency sharply directional 
magnetostriction transducers were used. 

Practical details of the tests are described, 
and it is considered that 20 ft is the maximum. 
path length possible with this method. 
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Title No. 55-42 


Subcommittee VII, 
ACI Committee 325 
presents... 


Continuous 


...a brief description of the 
continuously reinforced pave- 
ments which are now under ob- 


servation and their performance, Reinfo rce m ent 


a statement of the present status 

of committee knowledge on the 

subject of continuous reinforce- 

ment, recommendations for fu- e 
ture research, and a statement of in 
future plans of the committee. 


ane Highway 


Chairman 


Henry Aaron 
J. H. Moore 


G. S. Paxson Pavements 


William Van Breemen 


W. R. Woolley* 


INTRODUCTION 


W@ Durine THE PAST 20 YEARS there has been an increasing interest among 
highway engineers in continuously reinforced concrete pavement. This 
interest undoubtedly developed from a dissatisfaction with the apparent 
deficiencies and structural weaknesses of joints in pavements, and failure, 
until recently, to adequately improve the design of joints and thereby eliminate 


their recognized defects. 

Over the past 40 years pavement design has 
phases; plain concrete pavement without joints, plain concrete pavement 
with expansion joints, plain concrete pavement with both expansion and 
contraction joints, and plain concrete pavement with contraction joints 
only; and reinforced concrete pavement with similar variations in the use 
of joints. In addition, there have been wide differences in the spacing of 


joints, varying from 15 ft to as much as 1000 ft. 
ed JoURNAL OF THE AMERICAN Concretn Institute, V. 30, No. 6, Dec. 


Title No. 55-42 is a part of copyright J ; ) ITE, V. 30, 
1958, Proceedings V. 55. Separate prints. are available at 50 cents each. Discussion (copies in triplicate) should 
reach the Institute not later than Mar. 1, 1959. Address P. O. Box 4754, Redford Station, Detroit 19, Mich. 

Prepared as a part of the work of ACI Committee 325, Structural Design of Concrete Pavements for Highways 
and Airports, and presented at the 54th annual convention, Chicago, Ill., Feb, 26, 1958. The report. was sub- 
mitted to letter ballot of the main committee which consists of 15 members; 11 members returned their ballots, 
of whom 10 voted affirmatively, and 1 negatively. 


- *Deceased. 


passed through a variety of 
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Subcommittee VIl of ACI Committee 325, Structural Design of Concrete 
Pavements for Highways and Airports, has the assignment to study the 
structural design of continuously reinforced concrete pavements. J. D. 
Lindsay, engineer of materials, Illinois Division of Highways, Spring- 
field, is chairman of the subcommittee. The committee included Henry 
Aaron, chief engineer, Wire Reinforcement Institute, Washington, D. C.; 


J. H. Moore, professor of civil engineering, Pennsylvania State College, 
State College, Pa.; G. S. Paxson, assistant state highway engineer, 
Oregon State Highway Department, Salem; William Van Breemen, 
supervising engineer, New Jersey State Highway Department, Trenton; 
and the late W. R. Woolley, who was associated with the Truscon 
Steel Division of the Republic Steel Corp., Youngstown, Ohio. 


Joints of various designs have been used with varying degrees of success 
but they have always had obvious shortcomings. No matter what steps 
were taken to improve them, joints continued to be points of potential struc- 
tural weakness. They also presented problems of maintenance and_per- 
mitted the infiltration of water and soil. Often they adversely affected the 
riding quality of pavement. 

It is not meant to imply, however, that the pavement designs used during 
the past 40 years have been wholly unsatisfactory or that no improvements 
have been made. As a matter of fact, many thousands of miles of pavement 
built during this period have given satisfactory service. 

The recent practice of cutting joints with an abrasive wheel after the 
concrete has hardened has eliminated some of the more serious defects attrib- 
utable to joints. But the fact that joints had introduced problems which 
were not readily solved caused engineers to think about building continuously 
reinforced pavements, thereby eliminating closely spaced joints. 

This interest has become increasingly active during the past 20 years, 
but the idea of continuous reinforcement was conceived much earlier, The 
first recorded attempts at continuous reinforcement were slabs 200 and 350 
ft long, either 18 or 20 ft wide, constructed in 1921 by the Bureau of Public 
Roads on the Columbia Pike. In the early 1920’s the Illinois Division of 
Highways constructed a long continuously reinforced pavement slab over a 
peat bog. There may have been other isolated attempts throughout the 
country but the next example of record was the experimental pavement 
constructed in 1938 by the Indiana State Highway Commission in cooperation 
with the U. 8. Bureau of Public Roads, in which one test section 1310 ft 
long was reinforced continuously with steel bars from end to end. 

Perhaps it would be well to define the term “continuously reinforced pave- 
ment.” In conventionally reinforced pavements it is general practice to 
install transverse joints at intervals ranging from 40 to 100 ft with the rein- 
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forcement interrupted at the joints. Slabs of these lengths are restrained 
little, if any, by the subgrade and respond freely to temperature changes 
which tend to increase or decrease the slab length. 


It has been found, however, from observations of longer slabs with larger 
amounts of reinforcing steel installed continuously from end to end, that 
length changes due to seasonal temperature cycles are reflected only within 
a limited distance from the ends of the slab and that the central portion 

"remains fully restrained. Experience indicates that the length of the active 
_ portion at the end is some 400 to 500 ft. It seems logical, therefore, to define 
a continuously reinforced pavement as one of such length and with adequate 

~ reinforcement continuously placed, that a considerable central portion is 
fully restrained against longitudinal movements due to seasonal temperature 
changes. If one arbitrarily states that the length of the restrained central 
portion shall be equal to at least that of the end portions which respond to 


a seasonal temperature changes, then one could say that a continuously rein- 
i forced pavement is one in which the length of individual slabs is not less 
~ than 1200 to 1500 ft. This length is of course a minimum limiting value 
and, theoretically at least, there would be no maximum limitation on length. 
Based on this definition, the pavements in some of the early experiments 
B referred to above would hardly be classified as continuously reinforced. 
ra ‘However, the behavior of these early pavements indicated the possibilities 
of long continuously reinforced slabs and later encouraged engineers to 
2 ~ explore this type of construction further. 

a No further activity occurred in this field until 1947, when stimulated by 


good reports from the Indiana project and by an excellent paper on the subject 
by Woolley,* then of the Chicago division office of the Bureau of Public 
Roads, New Jersey constructed a 2 mile experimental project and Illinois 
built an experimental continuously reinforced pavement 51% miles long. 
These were followed by a 1-mile section built by California in 1949. In’ 
- 4951 three contract sections of the Fort Worth, Texas, Freeway were con- 
structed with continuous reinforcement and additional sections were built 
in 1955 and 1957. During 1956 and 1957 the Pennsylvania Department. 
of Highways constructed two experimental pavements of this type. These 
_ projects will be discussed later in this report. The highway departments of 
Maryland, Virginia, Connecticut, and Michigan are known to be seriously 
- considering the construction of experimental projects to study this type of 
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pavement. 


Because of the increasing interest in this subject and the apparent successful 


performance of pavements now under observation, ACI Committee 325, 
Structural Design of Concrete Pavements for Highways and Airports, last 
mmittee VII, Continuously Reinforced Pavements. 


year organized Subco 
It is the purpose of this report 


This is the first report of the subcommittee. 


ced Concrete Pavements Without. Ji oints.” Paper first appeared in 
ighway Research Board, V. 27, 1947, pp. 28-33. 
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1946, was later published in Proceedings, H 
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to give: (1) a brief description of the continuously reinforced pavements 
now under observation and a discussion of their performance; (2) a state- 
ment of the present status of our knowledge on the subject of continuous 
reinforcement; (3) recommendations for future research; and (4) a statement 
of future plans of the subcommittee. 


PAVEMENTS NOW IN SERVICE 


Continuously reinforced pavements are now in service in Indiana, Illinois, 
New Jersey, California, Texas, and Pennsylvania. Except for the projects 
in Texas, which were constructed on the Fort Worth Expressway, all these 
pavements were experimental and for the purpose of obtaining information 
about continuous reinforcement. Most of them incorporated special research 
features for measuring stresses, crack widths, horizontal and vertical move- 
ments of the pavement, and other variables which are related to pavement 
behavior, and they have been subject to periodic surveys. The more im- 
portant design features of the several pavements and the average crack 
interval for each are summarized in Table 1. 

The Indiana project covered a wide range of reinforcing practices, and 
only one section would qualify under the definition of continuous reinforced 
pavement given above. This section is 1310 ft long and contains 1.82 per- 
cent of longitudinal steel. The cross section is 9-7-9, and it was constructed 
directly on a pumping type subgrade. After 15 years service it was reported 
to be generally in very good condition. 

It will be noted that the Illinois project contains more variables than 
any of the others, being 7 and 8 in. thick with 0.3, 0.5, 0.7, and 1.0 percent 
of longitudinal steel being used with each thickness. Furthermore the pave- 
ment was constructed on the natural subgrade, 90 percent of which is com- 


posed of potentially pumping type soils. The test sections vary from 3500 | 


to 4200 ft. After 10 years the pavement is in good condition except for a 

few localized structural failures at the expansion joints and at a few of the 
construction joints in the 0.3 and 0.5 percent sections. These failures are of 
little significance in the evaluation of the performance of this pavement since 

expansion joints would not be included in a normal pavement of this type 

en the weakness of construction joints can be eliminated by a change in 
esign. 


The New Jersey pavement consists of two sections, each approximately 
1 mile long, one 10 in. thick and the other 8 in. thick. The pavement is on a 
granular subbase. A unique feature of this pavement is that it contains 
two layers of welded wire fabric, one 2 in. below the top surface and the 
other 3 in. above the bottom. The longitudinal reinforcement amounted 
to 0.72 percent in the 10-in. section and 0.90 percent in the 8-in. section. 
Except for three localized failures, involving a total of about 65 sq yd, and 
rupturing of the concrete at one of the terminal joints, the condition of this 
pavement after 10 years of service is good, 
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TABLE 1—FEATURES OF SEVERAL CONTINUOUSLY REINFORCED PAVEMENTS 
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with 0.7 percent steel and constructed on a granular subbase. 


g forced from end to en 


4 ie of these cracks are not clearly underst 
tensile stress set up as the con 


¥ develops the stress is transfe 


; Year Pavement Percent 
Location constructed thickness steel ee 
Indiana 1938 9-7-9 1.82 2.3 (1957) 
Tllinois 1947-1948 7” and 8” 0.3 13.0 (1957) 
| 0.5 7.6 (1957) 
0.7 6.0 (1957) 
1.0 4.9 (1957) 
New Jersey 1947 10” 0.72 5.1 (1950) 
8” 0.90 3.7 (1950) 
California 1949 8" 0.62 3.2 (1957) 
8” . 0.50 5.2 (1953) 
Texas 1951 8" | 0.7 4.0 
1955 8” | 0.7 oS re 
1957 No informa tion available 
Pennsylvania 1956 9” 0.48 17.9 (1957) 
1957 7", 8" and 9” 0.50 14.3 (1957) 


The California pavement is 8 in. thick and 1 mile long. The amount of 


3 longitudinal steel in one half is 0.63 percent and in the other half 0.50 percent. 
The pavement after 8 years of service is reported to be in excellent condition 


and somewhat superior to the adjacent standard pavement. 


The Texas projects consist of 8-in. pavement reinforced longitudinally 
The two 


sections constructed in 1951 are reported to be in excellent condition. No 


_ information is available concerning the condition of the pavement constructed 
in 1955, nor about the 1957 construction. 


One of the Pennsylvania projects is about 2 miles long and consists of 
9-in. pavement with 0.48 percent longitudinal steel in the form of bar mats. 
The other is slightly less than 2 miles long, includes 7, 8, and 9-in. pavement 
all reinforced longitudinally with 0.5 percent of steel. Both bar mats and 
wire fabric reinforcement were used in the project. Both pavements were 
constructed on granular subbase. These pavements have developed the 


~  elosely spaced cracks which are characteristic of this type of pavement, but 
neither is old enough to warrant conclusions as to behavior. 


PRESENT STATUS OF KNOWLEDGE 


Causes of cracking 
Experience has shown that a long section of pavement continuously rein- 
d with an adequate amount of steel develops many 
e cracks, the frequency of the cracks being propor- 
eel. The reasons for the occurrence 
ood. One cause undoubtedly is the 
crete begins to shrink, due to decrease in 
temperature and moisture, after the concrete has hardened. When a crack 
rred to the steel causing a slight stretching of 
of opening of the erack, which provides partial 


closely spaced transvers 
tional to the amount of longitudinal st 


the steel and a small amount 
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stress relief. But gradually there is a further build-up of stress, and another 
crack occurs. 


Perhaps one of the principal causes is the restraint to longitudinal warping 
provided by the reinforcing steel, which tends to restrain the pavement 
from warping due to normal temperature gradients, thus producing flexural 
stress. These stresses combined with load stresses quite conceivably could 
exceed the flexural strength of the concrete, particularly at early ages. 


This could well explain the crack interval decreasing as the percentage of 
steel increases. It is well known that the formation of a transverse crack 
provides hinge action which reduces the warping stresses in its immediate 
vicinity. The larger the percentage of steel, the less effective the hinge, 
and cracks would thus tend to be produced at intervals inversely proportional 
to the amount of steel present. 


These are thought to be the principal reasons, although there probably 
are others of a secondary nature. The result of the combined effect of these 
factors is the early occurrence of numerous transverse cracks in a long central 
portion of the pavement. At some distance from the ends of the pavement, 
the restraint begins to diminish gradually, and the interval between successive 
cracks becomes progressively longer outwardly to the ends. 


Crack spacing and location 


Fig. 1 shows the typical crack pattern for a continuously reinforced pave- 
ment. There are relatively few cracks near the ends, as shown at the top 
and bottom of the figure. But in the long central portion as shown for the 
two quarter points and midpoint there are many closely spaced cracks. 


bn 300 FEET ) 
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EAST END 


Fig. 1—Typical crack pattern for a continuously reinforced, 8-in. pavement with 
0.5 percent steel 


CONTINUOUSLY REINFORCED PAVEMENTS 675 


Infinitesimal width changes in the numerous cracks and elastic deforma- 
tion and plastic flow of the concrete absorb the efforts of the pavement 


to change in length due to the daily and seasonal temperature cycles, and a 


long central portion remains under restraint. If this were not true, excessive 
movements would occur at the ends of a long pavement which no expansion 
joint could accommodate. Because of the restraint which is developed, 
however, daily movements at the ends of such a pavement are quite small, 
and seasonal movements are of the order of 1 in. 


A large number of cracks develop at an early age, and thereafter the further 
development of cracks is a function of age, the rate of development decreas- 
ing rapidly with time. The average crack interval depends primarily on the 


amount of steel. Evidence from existing pavements indicates that very 


little cracking occurs after 5 or 6 years of service. 


Judging from the behavior of the Illinois pavement, it appears that for 
0.3 percent steel equilibrium is reached when the average crack interval is 
12 to 13 ft; 8 to 9 ft for 0.5 percent steel; 6 to 7 ft for 0.7 percent and 5 to 6 


ett for 1.0 percent. 
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g Crack width 


In addition to governing the crack interval, the reinforcing steel performs 
another very important function; namely, it controls the amount of crack 
opening. It is essential to the successful performance of a continuously 
reinforced pavement that the steel prevent any appreciable opening of the 


cracks, otherwise there will be infiltration of soil and water and a loss of 
- effective aggregate interlock. Infiltration of incompressible material into 


eracks in some of the experimental pavements may have been responsible 
for a permanent increase in their length, thus making the control of expansion 
‘at the ends a problem. It seems also that the good performance of the pave- 
ments built directly on pumpable soils can be attributed to the fact that the 
cracks were too narrow to permit the passage of water and soil. 


It is seen then that crack interval and crack width are interrelated, and that 


4 both depend on the amount of steel. Since steel is an expensive item in 


pavements, the problem is to determine the optimum amount which will 
result in a proper balance between crack interval and crack width. In other 
words, it is important to determine the minimum percentage of steel that 
will produce the desirable characteristics which have been discussed above, 
namely, many closely spaced, narrow transverse cracks through which no 
appreciable infiltration will occur, and at which aggregate interlock will be 


| so fully maintained that the structural integrity of the pavement will be 
_ preserved. Obviously this is a most complex problem. Although several 


authorities have proposed theoretical approaches, the empirical data from 
pavements now in service appear at present to be the most. reliable.  Appli- 


2 ‘cation of these data to theoretical analyses should prove useful in the 
4 _ development of rational design methods. ‘ 
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As previously pointed out, it is essential that there be enough steel to. 
prevent any excessive opening of the cracks. However, the accurate measure- 
ment of the width of narrow cracks is difficult. The usual practice has been 
to take measurements at the surface, but these measurements are likely to 
be influenced by raveling and warping, which result in values much greater 
than the true width. Cores drilled through representative cracks in the 
New Jersey and Illinois pavements verify this and show that, even though . 
the cracks were quite wide at the surface, they tapered sharply to a fine 
crack a short distance below the surface. 


j 
A comparison of measurements taken at the surface and along the vertical 
edge on the Indiana project indicated that the true width was much less than 7 
the surface width. Data from the Illinois project indicate that the true _ 
widths were probably about half of the surface widths. On this basis the 
true widths in the Illinois project after 10 years are estimated as follows: 
0.016 in. for 0.3 percent steel, 0.011 in. for 0.5 percent, 0.007 in. for 0.7 per- 
cent, and 0.005 in. for 1.0 percent steel. 


| 

Generally speaking, 0.5 percent steel appears to have given satisfactory ; 
performance from the standpoint of crack width and crack spacing. Although 
in the Illinois project, there was some indication of early incipient pumping 
at a relatively few cracks in the section of 7-in. pavement with 0.5 percent 
steel, this condition did not develop further. Cores taken recently through 
representative cracks showed a thin film of soil in the crack, and it is thought 
that the soil sealed the cracks and arrested the tendency to pump. There 

| 

} 


are, however, some cracks in the 0.5 percent sections that are excessively 
wide. 


Only two of the experimental pavements were constructed without a 
granular subbase, these being the Indiana and the Illinois projects. Although — 
pumping has not been a serious problem on the 1310-ft section of the Indiana 
project or any of the Illinois sections, except at expansion joints and con- 


‘struction joints, nevertheless some pumping did occur. It therefore appears 


desirable to use a limited thickness of subbase as a preventive measure. 
Increase in length 


In one respect there was a marked difference in the behavior of the New 
Jersey pavement and the Illinois pavement. In particular, the New Jersey 
pavement showed no permanent increase in length during 10 years. Con- 
versely, all the sections in the Illinois project after 10 years were about 4 in. _ 
longer than they were originally. The Illinois sections were separated from 
each other and from the adjacent pavement by 4-in. open expansion joints, 
but the New Jersey pavement was not afforded this amount of expansion _ 
space. Furthermore, the Illinois pavement was constructed on a subgrade 
of fine grained soils, whereas the New Jersey pavement was constructed on a | 
granular subbase. It is believed that infiltration of fine soil into the trans- 
verse cracks was responsible for the permanent increase in length observed 
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on the Illinois sections. There is a question whether this increase would 
have occurred if less expansion space had been provided. 


Additional research needed 

Experience obtained from the various pavements now in service indicates 
' that it is possible to construct continuously reinforced pavements that will 
be exceptionally smooth riding, require little maintenance and have a long 
service life. However, there is not sufficient. evidence to conclude that the 
performance of such a pavement would be outstandingly superior to that of 
pavements of conventional design. Furthermore, additional information is 
required to determine whether continuously reinforced pavements are 

~ economically feasible. 


‘ 
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RECOMMENDATIONS FOR FURTHER RESEARCH 
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Perhaps the most important need for research lies in the field of theoretical 
design. Several authorities have proposed design theories based on analytical 
concepts, and it appears desirable that these be verified with test data from 

actual pavements constructed in accordance with these theories. This 

probably should include research on bond behavior at cracks, such as pro- 
gressive bond failure with time and under repetition of tensile stress and of 

traffic loads, as well as studies of other aspects of the mechanics involved 
in the interrelation between the concrete and the steel. 


¥ 
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The relationship of pavement thickness to performance needs more study. 
Pavements 7 in. thick with adequate steel have given excellent service. 
Perhaps it would be profitable to construct limited lengths of pavements of 
lesser thickness, say, 5 and 6 in. 

«It is presently assumed that the amount of longitudinal steel should be 
some definite percentage of the cross sectional area of concrete. By this 
method: of design a pavement 5 in. thick would have only half as much steel 
as one 10 in. thick. However, because heavy axle loads cause appreciable 
stress in steel reinforcement across cracks, it may be that a higher percent- 
age of steel is needed in thin pavements than in thick pavements. The con- 
struction and observation of several experimental sections 5 or 6 in. thick 
with varying percentages of longitudinal steel would add greatly to our 
understanding of the effect of pavement thickness and percentage of steel. 


The distance between transverse cracks normally varies widely. Some 
engineers feel that the occurrence of a series of very closely spaced cracks 
Perhaps if the location of cracks could be controlled, a better 

pavement would result. Research designed to find out how to control the 
location of transverse cracks by economical means might be worth while. 
Tt is conceivable that preforming cracks or causing cracks to develop at early 
ages would permit a lower percentage of longitudinal steel to be used. 


eis detrimental. 
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FUTURE PLANS OF THE SUBCOMMITTEE 


The Committee on Rigid Pavement Design of the Highway Research Board 
is presently engaged in a study of continuously reinforced pavements. This 


-work is being performed by the Subcommittee on Continuously Reinforced 


Concrete Pavements, several members of which are also members of Sub- 
committee VII of ACI Committee 325. If these two subcommittees function 


independently, it seems likely that there will be a certain duplication of © 


effort. It, therefore, would be highly desirable to have close cooperation 
between the two groups. Perhaps their activities can be planned so as to 
eliminate duplication, and greater progress may result. It is suggested that 
the possibility of coordinating the activities of the two groups be explored. 

It is understood that the Highway Research Board subcommittee has already 
formulated plans to make a thorough study of experimental pavements now 
in service and to stimulate interest in further research projects. 
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Title No. 55-43 


Specimens were subjected to 
combinations of axial, eccentric, 
and flexural loads to produce 
different patterns of stress dis- 
tribution. The effect of stress 
distribution across the section 
has a significant effect on the 
ultimate tensile strength of con- 
crete mortar specimens. 


Ciress Distribution Aifects 
ULTIMATE TENSILE STRENGTH 


By James S. Blackman, Gerald M. Smith, and Lyle E. Young 


Various investigators! have noted a significant difference between the 
axial tensile strength and the modulus of rupture of concrete. This difference 
may be attributable to the dissimilarity in the stress or strain distribution 
between axial tensile loading and flexure [Fig. 1(a) and 1(d)]. It was the 
purpose of this investigation to study the effect of strain distribution on the 
ultimate strain of concrete mortar specimens. Different stress and strain 
distributions were obtained on two types of specimen by applying combi- 
nations of axial, eccentric, and flexural loads. 


SPECIMENS 


Specimens used were of two types: (1) Bulb end specimens combining the 
bulb ends of the standard tension briquet with a 1 x 1 x 6-in. prismatic mid- 


section. (2) The second type was | x 1 x 11-in. prisms. All specimens were » 
prepared from the same mix proportions: 

1:2.25 by weight of 50 percent tension and 50 percent compression Ottawa sand. 
W/C = 0.488 by weight or 5.5 gal. per sack. 


i by the Institute July 25, 1957. Title No. 55-43 is a part of copyrighted JOURNAL OF THE AMBRICAN 
Be Oe eins V. 30, Was 6, Dec. 1958 (Proceedings V. 55). Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1959. Address P. O. Box 4754, 
Detroit 19, Mich. r 
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Extreme care was used in placing concrete mortar in the molds to obtain 
smooth true surfaces and square edges. Any specimens with visible imper- 
fections were discarded. Concrete was placed in machined metal molds in 
two layers, each of which was vibrated 60 sec with a small electric vibrator. 
To preserve exact dimensions, specimens were struck off and troweled after 
subsidence had taken place. Specimens were moist cured 28 days and air 
dried for approximately 60 days before testing. During curing and drying 
periods, specimens were stored in a vertical position to minimize warping. 


TESTING METHODS 


Fig. 1 shows the different stress or strain distributions obtained by various 
loading systems. For Loading (a), (b), and (c), bulb end specimens were 
used with tension applied through standard Riehle tension briquet grips. 
The eccentricity was obtained by off-setting the line of action of the load 
through the grips. For Loading (d), (e), and (f), 1 x 1 x 1l-in. prisms 
were used. On all specimens 1-in. SR-4 strain gages were applied to op- 
posite surfaces, i.e. those perpendicular to the plane of bending. Strains 
were recorded on a brush oscillograph. In all cases the gages were so placed 


j 
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. 
that the strains measured were in the region of constant moment. ' 
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SR-4 


R-4 
a. UNIFORM TENSILE STRAIN b. NON UNIFORM TENSILE STRAIN 
DISTRIBUTION PRODUCED DISTRIBUTION PRODUCED 
BY AXIAL LOADING. BY ECCENTRIC LOADING. 


@= SLOPE OF STRAIN P 
DISTRIBUTION 


c. TENSILE STRAIN LARGER THAN dg. EQUAL TENSILE AND 
COMPRESSIVE STRAIN PRODUCED COMPRESSIVE STRAINS 
BY AXIAL LORDING AND FLEXURE. PRODUCED BY FLEXURE 


~ 


e. COMPRESSIVE STRAIN LARGER f. COMPRESSIVE STRAIN LARGER 
PGE RE SI ome rab cet Srna | 
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Fig. 1—Strain distribution obtained by various loading systems 
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engineer in Nebraska. 
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Exponential Function’ (December 1954), and “Ultimate Flexural Analysis 
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To determine the possible effects of plastic flow, a bulb end specimen 
was placed under axial tension at 85 percent of ultimate load and strains 
were recorded for a 24-hr period. The creep in 24 hr was 8 p in., which is 
not of great significance considering that the principal tests were conducted 
in an average time interval of 15 min. 

To establish the linearity of the stress-strain relation, three specimens 
were tested in flexure. Load, and tensile and compressive strains observed are 
shown in Fig. 2(a) and 2(b). Any nonlinearity in the stress-strain relationship 
would be apparent from these curves. Two bulb end specimens were tested 
in direct tension and the stress-strain relation is shown in Fig. 3. These 
curves are all essentially linear. 
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Fig. 2—Tensile and compressive strain in extreme fibers 
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RESULTS 


Fig. 2(a) and 3 indicate that the stress-strain relation in tension is essen- 
tially linear to failure. The modulus of elasticity in flexure was 5.5 X 10° 
psi, which is in good agreement with 


700 the modulus of elasticity in direct 
tension, 5.49 X 10° psi. From these 
600 considerations it would seem that the 
effects related to strain are equally 

@ 500 4 applicable to stress. 

- Fig. 4 shows the effect of strain dis- 
. a tribution on the ultimate tensile 
= strain. The strain distribution is rep- 
rE 300 resented by 8, which is the difference 


in strains between extreme fibers di- 
vided by the distance between these 
fibers. Eighty-three percent of the 
points plotted fall within the generally 
accepted + 15 percent of the average 


Oo 2 40 60 80 WO 120 4O curve. There is a definite trend show- 
AVERAGE STRAIN 


(MICROINCHES PER INCH) ing an increase in ultimate tensile 
Fig. 3—Stress-strain relation for direct St?! with eas it ct a B - The 
tension average ultimate tensile strains vary 


from 140 u in. per in. to about 250 m 
in. per in., an increase of about 80 percent. It appears that this trend levels 
off after the condition of pure flexure has been reached. 


DISCUSSION 


The authors can offer only a limited explanation of this observed pheno- 
menon. Consider first the nature of the material. Tllustrative of the non- 
homogeneous nature of concrete, there are localized regions of weakness 
resulting from: 


The microscopic voids in the paste 
The macroscopic voids in the mortar 
Imperfect bond of paste and aggregate 
Imperfections in the aggregate 


peat sacha Si 


The mechanism of failure of concrete under stress is not well understood. 
The results of this study, however, appear to indicate that concrete will resist 
under 
a loading condition where a relatively small area of the section is stressed to 
a point at or near its ultimate strength. This hypothesis emerges from a 
consideration of the points plotted in Fig. 4. Lower strengths were obtained 
in direct tension, that is when the entire cross section is stressed in tension 
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than when progressively smaller areas of the cross section 
were stressed in tension to near failure by the device of combining bending 
with axial loads. The authors are at a loss to explain the mechanism as- 
sociated with this behavior. However, there seems to be little doubt that 
the strength of concrete is related in some way to the rate of change of stress 
across the section. One could speculate that failure might be associated with 
the size and number of localized regions of weakness, 1.¢., the probability 
that localized regions of weakness occurring within the critical area are in 
proportion to the area stressed to near failure.* 

le stress or strain with the strain distri- 
agrees with the difference between direct 
rupture reported by other investigators."” 
The pattern established herein also seems to agree with the effect of size 
of specimens‘ on the ultimate stress or strain. The magnitude of 6 (see Fig. 4) 
can be varied by changing the loading system as was done in these tests, 
or by varying the depth of the specimens. Flexure specimens with large 
depths would have a relatively lower value of 8 and would therefore be 
expected to have a lower ultimate stress or strain. This is consistent with 


the observed results of Kellerman.* 


to near failure, 
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The variation of ultimate tensi 
bution as observed in these tests 
tensile strength and modulus of 
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Title No. 55-44 


Proportioning, testing, and 
field control are described 


‘in detail. The project dem- 


onstrated that high strength Li h ad h 
lightweight concrete am be 1g twelg t 
produced using cement fac- 


tors similar to those required 
for normal weight concrete 


Be euah th Pee G De k 
through the use of driercom ( COnecrete Dec 


water content. Presatura- 


tion of aggregates and sta- 
bilization of free moisture 
content was the key to suc- for 
cessful control. The contri- 
bution of natural sand con- 


tent to compressive strength Tappan Zee Bridge 


and workability is men- 
tioned. 


Main Spans 


By W. G. MULLEN 


ros LIGHTWEIGHT CONCRETE was used in the roadway slab on the 
main spans of the Tappan Zee Bridge, the 3-mile, six-lane, Hudson River 
crossing of the New York State Thruway. The main cantilever bridge con- 
sists of a 1200-ft center span and two side spans of 600 ft each. It is on these 
spans that structural lightweight concrete was used for the 634-in. roadway 
slab and for maintenance sidewalks and curbs. An inch thick asphalt plank 
wearing course covers the road slab. 

Concrete mix calculations were predicated on an ultimate strength at 28 
days of 4000 psi at a unit weight not to exceed 110 lb per cu ft. It was de- 
cided that this could be accomplished using a structural quality expanded 
shale aggregate, some natural sand, entrained air, and a 6 to 7 bag per cu yd 
cement factor. It was felt that problems of segregation and fluctuation of 
yield could be avoided by proper treatment of free and absorbed water and 
use of alow slump. To this end, a test program was initiated. 


Test program 

The test program was conducted in three parts in the laboratory followed 
by a field test. Final adjustments were made in the field. 

In the first part, mixtures were tested containing 5, 6, 7, and 8 bags of 
cement per cu yd, 15 percent natural sand by absolute volume of total aggre- 


gate, 6 percent air content, 3-in. slump, and an admixture to retard set and 


i by the Institute Feb. 7, 1958. Title No. 55-44 is a part of copyrighted JOURNAL OF THD AMERICAN 
ee rere) V. 30, No. 6, Dec. 1958 (Proceedings V. 55). Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1959. Address P. O. Box 4754, 
Redford Station, Detroit 19, Mich. 
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TABLE 1—CHARACTERISTICS OF MATERIALS 


| 2-in. cube 
Bulk Dry Dry compressive 
Item dry Absorp- Fineness unit | loose strength, 
specific tion, modulus weight, weight, percent 
gravity | percent | Ib per cuft | lb percuft Ottawa at 28 
| days 
| 
| 
$ * 2.63 0.7 2.50 | 106.4 -— 111.2 
Send be 2.61 0.6 3.08 | 111.4 103.5 
Fine expanded shale 1.75 5.09 4.56 59.2 51.6 64.2 
Coarse expanded shale 1.50 6.8 6.88 43.3 38.3 — 
Cement, NYSDPW Type 2 3.15 
Air-entraining agent—Vinsol | 
resin ; ; ; ; 
Retarder—Liquid | ; 


*Sands 1 and 2 were used in separate plants on opposite sides of river. 


reduce water requirements. Unit weight of fresh concrete was in the range of 
105 lb per cu ft and strength results were promising for the 7-bag mix. The 
lightweight aggregate used in this test was from a source other than that sub- 
mitted by the contractor for approval as his source of supply and had a bulk 
specific gravity higher than that which was used in actual construction. Tests 
in the second and third parts were made with the aggregate to be used in the 
work, a material produced from shale by a conveyor belt sintering process. 


Included in the second part tests were mixtures of 6 and 7 bags per cu yd 
made with fine and coarse expanded shale, natural sands from two sources,- 
New York State Department of Public Works Type 2 cement (similar to 
ASTM Type ID), a water-reducing retarder, an air-entraining agent, and water. 
It was attempted to control air and slump at 6 percent and 8 in., respectively. 
Characteristics of materials are shown in Table 1. Tests were conducted in 
accordance with ASTM procedures where applicable, and air content was 
determined gravimetrically. From the results (Table 2 and Fig. 1) it may be 
seen that 4000-psi, 105-lb per cu ft 
concrete was obtained with a w/c of 


The work described was under the 

_immediate supervision of W. G. 
MULLEN (ACI member), concrete 
technologist and resident engineer 
for Madigan-Hyland, Consulting En- 
gineers, New York, consultants to the 
New York State Thruway Authority 
for the Tappan Zee Bridge. With 
the firm since 1951, Mr. Mullen, a 
former National Ready Mixed Con- 
crete Association research fellow at 
the University of Maryland, has been 
concrete technologist on a number 
of New York State Thruway proj- 
ects, including prestressed bridges 
for the Garden State Parkway con- 
nection, and is presently engaged on 
the Berkshire Thruway. 


0.56 by weight and 5 percent air 
content. 

Testing in the third part was con- 
fined to a 6.5-bag mixture in which the 
natural sand content was increased to 
20 percent of the absolute volume of 
the total aggregate in an attempt to 
increase strength by reducing water 
requirements while allowing the unit 
weight to approach 110 lb per cu ft. 
Results (Table 2 and Fig. 1) were 
promising, but did not justify use of a 
lower cement factor without further 
testing which.was impossible due to 
time limitations on construction. 
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Fig. 1—Effect of water-ce- eee 
content oncompressive 


strength of expanded shale 
concrete 
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It was planned that all lightweight concrete paving would be placed in 
about 30 calendar days, a factor which would prevent evaluation of field re- 
sults in time to make adjustments in the mix (actual placing period was oe 
calendar days). Further, concreting was to be accomplished during the late 
fall with the anticipation of placing the bridge in service almost immediately 
after completion. A 7-bag cement factor was selected as the lowest safely 
usable in view of the nature of the test program and anticipated construction 


conditions. 
Several days prior to start of placing operations, a 5-cu yd trial batch was 


“made in one of the truck mixers to be used in the work. From this test batch, 


it was found, and later verified in actual construction, that a slump range of 
2 to 21% in. provided the most desirable consistency and that total water was 
reduced to 40.6 gal. per cu yd. This necessitated adjustment of mix quantities 


TABLE 2—TEST MIXTURE CHARACTERISTICS AND STRENGTH RESULTS 


Natural sand Compressive 
Cement Water- percent of : stress, psi 
factor, cement absolute , Unit 
Mix | bags per 7 ratio é volume oe Slump, Air, ; SO ee 
ight} aggregate in. percen per cu 
eo vet et 7 days 28 days 90 days 
| 
6.44 0.610 15 einnl 8.1 101.7 2095 3147 a 
3 7.03 0.565 15 3.1 5.2 105.3 2679 3859 os 
3 6.45 0.608 15 3.1 8.0 101.6 2117 3196 — 
4 7.14 0.549 15 2.9 5.0 105.1 2930 4126 : 
5 6.82 0.606 20 3,0) 6.2 104.8 2400 3508 — 
Field 7.00 0.515 20 2,43 6.1 109.9 2508 4184 5220 


Laboratory determinations are average of three rounds made on separate days with three specimens per 


ble. : F F ; 
roma. eulisare average of 26 sets 6 x 12-in. cylinders with six cylinders per set tested two each at 7, 28, 


4 and, 90 days. Average 28-day result for 51 pairs of 6 x 12-in. cylinder was 4164 psi. 
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to maintain yield and unit weight, which was accomplished by increasing the 
amount of all aggregates and by adjustment of the air content to 6 percent for 
a unit weight of 110 Ib per cuft. Final mix proportions are included in Table 3. 


FIELD CONTROL 


The lightweight concrete was the final 4400 cu yd of about 200,000 cu yd 
of structural concrete included in the bridge and its approaches. 

Concrete inspectors were hired locally and trained in a school conducted 
periodically at the work site. The first group of inspectors received 2 weeks 
of intensive instruction in the fundamentals of concrete proportioning and 
control, while later groups were given 1 week of classroom instruction and a } 
second week of field instruction with working inspectors. There were review : 
sessions and briefing courses to cover new phases of the work. This method { 
proved quite successful and, at the peak of construction, the inspection force 
included 19 working concrete inspectors. 


NATURAL SAND-PER CENT FREE WATER 
COARSE HAYDITE WATER CORRECTION- GALLONS 


2.0 40 60 8.0 10.0 12.0 
FINE OR COARSE HAYDITE — PER GENT FREE WATER 
Fig. 2—Mixing water adjustment chart for 1-cu yd batch 
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Included in the course of instruction was a philosophy of inspection which 


- stressed problems of personality, the need for dissemination of information, 


and understanding and cooperation between inspectors and contractor’s 
personnel. Plant and field inspectors were instructed and supervised to con- 
duct and coordinate inspection and control to allow fast, efficient concreting 
operations. Emphasis was placed on quantity production of high quality 
concrete. Instruction was pointed to the training of a competent, reasoning 
inspector equipped with sufficient knowledge of theory and practice to obtain 
quality results. It was stressed that an inspector’s role is never punitive and 
seldom arbitrary. Intelligent coordination between plant and field inspectors 
and cooperation with contractor’s personnel results in fast, efficient, well 
controlled concreting operations of benefit to contractor and owner as well. 
With this type inspection there will be an uninterrupted flow of concrete to 
the forms, provided there is sufficient equipment in use and forms are ready. 


All lightweight concrete was truck mixed in 5-cu yd batches for 12 min per 
batch. Two batch plants were used as concrete was placed from both sides 
of the river to the center of the main span. One plant was an established 
commercial plant and the other was erected specifically for the job. There 
were two inspectors in each batch plant for stockpiling, batching inspection, 
and moisture control. Water control was positive and aggregate weights 
were adjusted as moisture changes occurred. Natural sand moisture was 
determined using the carbide type moisture meter, and moisture on both fine 
and coarse lightweight aggregate was determined by drying the aggregate 
and deducting the absorbed moisture. Moisture determinations were made 
before the start of work each day and then continuously through the day. 
As soon as one sample was completed, another was started and both sizes of 


lightweight aggregate were tested simultaneously. 


With this running knowledge of moisture content, inspectors were able to 
establish and adjust batch weights and added mixing water rapidly by se- 
lecting appropriate values from a batch weight adjustment chart (Table 3 
and Fig. 2). Every practical batch size for the mixing units and weighing 
equipment used was pre-computed in Table 3, eliminating any need by the 
inspectors to multiply 1-cu yd weights or to divide batches into parts for 
weighing. Added water chart (Fig. 2) was made up for a l-cu yd batch and 
the standard 5-cu yd batch. Water to be added at any given time is selected 
by entering chart with free moisture of natural sand on ordinate and fine 
expanded shale on abcissa and picking off a gallon value from the solid diagonal 
lines. A deduction is found for free moisture on coarse expanded shale by. 
entering abcissa with free moisture value, vertically intersecting dashed diag- 
onal line, moving horizontally to right ordinate scale, and reading gallons to 


~ be deducted. For odd size batches, it was necessary to multiply a value 


selected from the 1-cu yd chart by the number of cubic yards in the batch. 
Due to the high surface porosity of the expanded shale, it was impossible 

to get consistently accurate free moisture results using the carbide type mois- 

te method was used. Using hot plate and frying 
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TABLE 3—BATCH WEIGHT ADJUSTMENT CHART 
Free water Scale weights, Ib per batch 
= —| : euates ST 
It gal per 
"7 Percent | cu ae 1.0 cu yd| 2.0 cu yd | 2.5cuyd | 3.0cuyd | 4.0 cu yd | 5.0 cu yd 
ri te 2.0 1.28 551 1102 1378 1653 2204 2755 
A aaa 3.0 | 1.93 | 556 1112 1390 1668 2224 2780 
4.0 2.57 561 1127 1403 1683 2244 2805 
5.0 3.20 567 1134 1418 1701 2268 2835 
6.0 3.85 572 1144 1430 1716 2288 2860 
7.0 4.49 578 1156 1445 1734 2312 2890 
8.0 5.14 583 1166 1456 1749 2332 2915 
Fine expanded shale 0.0 767 1534 1918 2301 3068 
2.5 2.19 785 1570 1963 2355 3140 3925 
5.0 4.38 804 1608 2010 2412 3216 4020 
7.5 6.57 822 1644 2055 2466 3288 4110 
10.0 8.76 840 1680 2100 2520 3360 4 
12.5 10.95 858 1716 2145 2574 3432 4290 
15.0 12.14 876 1752 2190 2628 3504 4380 
Coarse expanded shale 0.0 0 668 1336 1670 2004 2672 3340 
2.5 1.88 684 1368 1710 2052 2736 3420 
5.0 3.75 699 1398 1748 2097 2796 3495 
7.5 5.63 715 1430 1788 2145 2860 3575 
10.0 7.50 730 1460 1825 2190 2920 3650 
12.5 9.36 746 1492 1865 2238 2984 3730 
15.0 10.23 762 1524 1905 2286 3048 3810 
Cement—Type 2 658 1316 1645 1974 2632 3290 
Admixture—retarder 14 oz 28 oz 35 oz 42 oz 56 oz 70 oz 
Admixture—air- 
entraining agent 8 oz 16 oz 20 oz 24 oz 32 oz 40 oz 


Item 


Tine aggregate—sand 
Fine aggregate— 
expanded shale 
oarse agg te— 
expanded shale 
_Cement—Type 2 
Water 


%§ to dust 
84 to No. 4 


Admixture—air- 
entraining agent ¥ % 
Admixture—retarder ay fer unit weight 


pan, a moisture test could be completed on a 500-g dry weight lightweight 
aggregate sample in about 40 min. Water was added to trucks batched from 

the commercial plant by the drivers according to the determinations made 
above. From the other plant, water was added into the drum with the other 
materials according to the directions of the plant inspector. At each placing 
_ site, two inspectors supervised truck mixing of concrete, addition of admix- 


tures, and made control tests while a third inspector supervised placing and 
finishing of the concrete. To say that the above system is foolproof would 
be a misstatement, but less than 5 percent of the batches required adjustment 
at the work and only ten of the 4400 cu yd placed were rejected for being 
overwet. 

The problem posed by high absorption (Tables 1 and 2) of the expanded 
shale aggregates was overcome by using them in saturated surface dry plus 
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condition which was accomplished by use of wetted stockpiles. Specifications 
were so written that no aggregate could be used that had not been continuously 
sprinkled for 48 hr prior to use. Rigid adherence to this specification pro- 
duced the desired result but with the complicating factor of free moisture 
contents up to 15 percent which made consistency control exacting work. 
After the first day of concreting, this procedure was modified so that the 
stockpile to be used on any given day would be sprinkled until the end of 
work on the day previous and then be allowed to drain over night. This was 
highly successful and most aggregate of both sizes was used at a stabilized 
free moisture between 5 and 8 percent. The crane operators loading the 
hoppers continually remixed the stockpiles to overcome segregation as to 
size and moisture content. There is no doubt that presaturation of the aggre- 
gates was the key to successful consistency control. 

At the work site, admixtures were added, concrete was mixed, and unit 
weight and air content were controlled. Consistency was indicated by the 
slump test and controlled by adjusting mixing water. Air content was meas- 
ured gravimetrically and controlled by varying the amount of air-entraining 
agent. It was noted earlier that a field test batch indicated the water re- 
quirement in the field would be several gallons less than that indicated by the 
laboratory tests partly due to the use of a drier consistency. Increase in all 
quantities to compensate for the loss of yield raised the unit weight at 4 
percent air content to slightly more than 112 Ib per cu ft. It was decided 
to place the concrete at a unit weight of 109 to 110 Ib per cu ft and this was 
accomplished by controlling the air content between 6 and 7 percent. The ~ 
expected decrease in compressive strength was offset to some extent by a low- 
ered water-cement ratio. Unit weight determinations were made together 
with slump on approximately every third batch in a 14-cu ft measure on a 
platform scale. The amount of air-entraining agent to maintain the desired 


. unit weight and air content varied with the temperature and other factors but 


was approximately 8 oz per cu yd which is about twice the amount of the 
same admixture needed to produce 5 percent air in a standard weight concrete. 
Yield control was good and actual yield varied less than 1 percent from theo- 
retical. For the entire job, fresh unit weight averaged 109.7 Ib per cu ft, 
slump 2.41 in., and air content 6.3 percent. 

Test specimens were 6 x 12-in. cylinders made in sets of eight from the same 
batch at the rate of approximately one cylinder for each 10 cu yd placed. 
Molds were waxed cardboard with metal bottoms. Cylinders were broken 
in pairs at four different ages including 7 and 28 days. Average strengths for 
7, 28, and 90 days were 2508, 4184, and 5220 psi, respectively. Results of all 
specimens tested are. included in averages. _ Whenever possible, cylinders 
were moved while fresh into a heated field office and stored under damp burlap 
until 1 day old. Then, still in molds, they were turned upside down in a tray 
of water to seal the open end against evaporation loss. When cylinders could 


not be’ moved immediately, they were stored in the field overnight in an in- 
following day. All cylinders 
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Fig. 3 (left)—Concrete was placed with self-powered buggies. Fig. 4 (right)—Striking 
off concrete with 37-ft power screed 


were delivered to a standard laboratory moist room within 4 days, where 
they were cured until tested. Test specimens from some groups failed to 
reach 4000 psi at 28 days but always exceeded this figure at 90 days. 


Some unit weight specimens were cast a foot square and 634 in. deep, field 
cured, and stored under cover at outside temperatures. After air drying for 
8 months weight was 93.5 percent of weight when fresh. If behavior of con- 
crete in service is similar, unit weight should approach 102.5 lb per cu ft. 


PLACING, FINISHING, AND CURING 


Concrete was taken by power buggy from trucks or transfer hopper to the 


_ forms where it was dumped into place, consolidated by vibration, and struck 


off by two or more passes of a 37 ft wide power screed (Fig. 3 and 4). It 
is interesting to contrast the harsh dry appearance of concrete before vibra- 
tion to the shiny almost wet appearance after vibration. Concrete having a 
slump less than 134 in. was too dry to be readily workable, and that having 


a slump in excess of 3 in. tended to creep in the forms. The ideal slump was 


2 to 21% in. and concrete was closely controlled to this range. There was no 


problem of segregation in handling and there was seldom any bleeding at the 
surface. 


Following the screed machine were finishers who luted the surface using 
a 10-ft variable pitch aluminum float with extensible handle (Fig. 5). This 
tool was developed on the job to eliminate the necessity of longitudinal screeds 


and transverse bridges in finishing a 37 ft wide slab. Finishers worked from 


each side of slab lapping in the center to obtain results far better than the 


Yin. tolerance in 10 ft specified. As the slab was to receive an asphalt 
plank wearing surface, no further finishing was done. Occasionally the 


screed machine left high spots that had to be cut by the lute. This was done 


easily and finisher reaction to working the surface was highly favorable. 


The work was described as much easier than the finishing of normal weight 
paving concrete. 


j 


4 
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= Fig. 5—Finishers used a 10-ft 

; lute with an extensible handle 


On the curbs, where a roughened float finish was desired, it was necessary 
to use a cork or sponge rubber float, as a wood float did not leave the desired 
surface texture. Heavily reinforced curb sections were formed with excellent 
detail using dry consistencies and heavy vibration. 

Concrete was cured 14 days under wet burlap, except where asphalt plank 
could be laid immediately; in those sections water cure was terminated in 7 
days, surface was air dried 1 day, and asphalt primer, mastic, and plank were 
laid in lieu of further curing. Concreting was completed in fall and forms 
were not removed until spring, although removal was allowed at 14 days. 


BY 


PR NT ee eee MAN EN te, 


WEARING COURSE 


As stated previously, there is a 1 in. thick asphalt plank wearing course 
eovering the structural roadway slab. A stainless steel grid approximately 
Z 12x 12 ft was placed in the top surface of the slab to prevent creep of the 
asphalt plank. Originally, the contractor had planned to concrete the grid 
in place, but problems of securing a relatively limber grid in exact position 
and finishing to required surface tolerances between grid bars seemed insur- 
mountable at the time, and it was decided to place the grid after concrete 
had hardened. Placing was accomplished by sawing a kerf in the concrete 
34 in. deep, wide enough for a driving fit, then hammering the grid bars home. 
Conerete, up to 3 days old, was sawed with an abrasive blade and, there- 
after, concrete was hardened to the extent that a diamond blade was nec- 
essary. At ages less than 24 hr, concrete tended to ravel when sawed. 


SUMMARY 


From the standpoint of mix selection, experience on the Tappan Zee Bridge 
demonstrated that high strength concrete may be produced using cement 
factors similar to those required for normal concrete through the use of drier 
: _~ consistencies with lowered total water requirement. Further, natural sand 


= 
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content definitely affects strength and workability characteristics of this ex- 
panded shale concrete. It is conjectured that, with additional testing of mixes 
and use of control techniques described herein, still further reduction could be 
made in cement factor without loss of compressive strength. 

Experience has affirmed that presaturation of aggregates and _stabiliza- 
tion of free moisture content is the key to successful control. Gravimetric 
determination of air content is practical and accurate. Also, dry consistencies 
may be used together with heavy vibration without segregation of material 
or loss of workability. 

Finally, it is noted that compressive strength of field cylinders at 90 days 
was about 25 percent improved over 28 days, and that unit weight loss of air 
dried concrete approached 7 percent. 


Discussion of this report should reach ACI headquarters in tripli- 
cate by Mar. 1, 1959, for publication in the June 1959 JouRNAL. 


Title No. 55-45 


SHEAR, DIAGONAL TENSION, 
AND ANCHORAGE IN BEAMS 


By E. M. RENSAA 


PROBLEMS relating to shearing strength and diagonal tensile strength of reinforced 
concrete beams are discussed. Particular attention is given to conditions at points of 
contraflexure. It is pointed out that bending stresses will have an influence on both the 
direction of tension cracks and on the shearing strength of beams. The effect of shrink- 
age stresses will also have considerable influence on the diagonal tensile strength. Actual 
direction of cracks may cause an increase in anchorage steel tension greater than that 
found by ordinary bending moment theory. It is shown that the ordinary formula for 
shearing stresses in reinforced concrete beams is not applicable at sections where there are 
no bending stresses. 


SoME FAILURES OF REINFORCED CONCRETE frames in diagonal tension a 
few years ago focused the attention of designers on the adequacy of the shear 
clauses in our building codes. In spite of the considerable number of tests and 
theoretical investigations made during more than half a century, no general 
agreement has so far been reached about how to safeguard against failure in 
diagonal tension. An examination of building codes in North America and 
Europe shows a great variation of specifications for shear reinforcement. 


There has, in the opinion of the writer, been too much emphasis placed on 
finding formulas which would be universally applicable and not enough thought 


given to the accuracy of fundamental assumptions for different stress condi- 


tions. The majority of textbooks show how formulas are developed without 
pointing out the limitations of the fundamental assumptions on which the 
formulas are based. The result is that most engineering students are apt to 
use the standard formulas with little criticism, until perhaps confronted with 
an unexpected mishap. Reinforced concrete is not a homogeneous material 
and cannot be expected to be as fitted for generalization as, for instance, struc- 


tural steel. 

The object of this paper is to make a contribution to a better understand- 
ing of shearing stresses and related problems in reinforced concrete. It seems. 
possible in some cases to obtain such an understanding on the basis of theoreti- 
eal considerations. In other instances this does not appear possible without 


additional tests. 


ived by the Institute June 9, 1958. Title No. 55-45 is a part of copyrighted JouRNAL OF THD AMERICAN 
aoe Ee onae uae V. 30, No. 6, Dec. 1958 (Proceedings V. 55). Separate prints-are available at 60 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1959. Address P. O. Box 4754. 


Redford Station, Detroit 19, Mich. 
695 


vig i Ci glle tT aia alia ca eae 


696 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE December 1958 


PROPER SHEAR 


Conerete has a relatively high shearing strength and “proper shear” sel- 
dom is an initial cause of failure. It is nearly impossible to determine shearing 
strength accurately because of the difficulty of eliminating accompanying 
tensile stresses during tests. Test results, therefore, vary considerably 
depending on how successful the investigator has been in reducing the 
tensile stresses accompanying the shear. Shearing strength will, to a large 
extent, depend on the restraint against expansion transversely to the direction 
of shear. It is also likely that direct compression or tension perpendicular 
to the plane of shear will have considerable influence on the actual shear 
strength. 


Tests to determine proper shearing strength of concrete have been carried 
out by a number of investigators. Early American tests were designed to 
obtain the absolute shear strengths under conditions of lateral confinement. 
Tests by Taylor indicated ratios of shearing strength to compressive strength 
of 0.44 and 0.57 depending on concrete quality. Tests by punching through 
plates gave ratios varying from 0.37 to 0.86 depending on the form of test 
piece. 

Tests made under the direction of Spofford on cylinders 5 in. in diameter 
with ends securely clamped in cylindrical bearings gave shearing-compressive . 
strength ratios ranging from 0.63 to 1.04, the highest being for a concrete 
having a compressive strength of only 1110 psi.* 


A test under conditions of what may be assumed as the greatest obtainable 
lateral confinement has been described by Rehm.* This was a pull-out test 
with a bar having a single shoulder which had bearing on a projection inside 
a hole through a concrete specimen. The maximum shearing strength was 
found to be approximately equal to the cube strength. 


It is clear that the above test results do not represent actual conditions in 
practice. There is usually little or no lateral restraint acting on reinforced 
concrete beams and tensile stresses are not effectively eliminated. It may, 
therefore, be assumed that under such conditions, shearing strength to com- 
pressive strength ratios will generally be lower than the figures quoted above. 


Tests by Mérsch‘ on rectangular specimens without lateral confinement 


indicated a shearing strength equal to Vk; ky where ky is the tensile strength 
and ky, the cube compressive strength of the concrete. Since the tensile 
strength will always be less than the compressive strength, the shearing 
strength, according to Mérsch’s equation, will also be less than the com- 
pressive strength. Assuming, for instance, the tensile strength to be 8 percent 
of the cube strength and the standard cylinder strength to be 80 percent of 
the cube strength, we get: 


Shearing strength = (/ cereale = 0.316 f.’ 
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The coefficient of 0.316 applies only 


to the assumed relation of tensile 


strength to compressive strength. 
Actually the tensile strength of or- 
dinary concrete seems to vary approx- 
imately in proportion to the square 
root of the compressive strength, and 
a definite coefficient should not be 
assumed. 

Further tests on shearing strength 
are reported by Suenson® and Rausch ;° 
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Laupa, Siess and Newmark’ also list 
a number of references. 

It seems to be clear from tests with concrete specimens having no special 
lateral confinement that the proper shearing strength, if it can be called such, 
will be influenced so largely by unavoidable tensile stresses that a direct linear 
relation to compressive strength does not exist. This is even more true for 
the diagonal tensile strength. It is, therefore, quite incorrect to specify the 
allowable strength in shear of unreinforced concrete to be proportional to the 
compressive strength, as has so far been customary in North America. It 
would be much more logical to stipulate a certain allowable shear for each of 
the standard concrete strengths. 

Since there is such a wide spread between proper shearing strengths found 
by different investigators, it seems safest to figure with the lower values which 
apply for conditions of little or no lateral restraint. However, since the shear- 
ing strength in any case is much higher than the tensile strength, it is only 
in exceptional cases, such as where a heavy concentrated load is acting close 
to a support, that there is any appreciable danger of initial failure by shear. 
‘Another, and more usual case, is where a crack caused by diagonal tension 
has extended so far toward the compression side of the beam that the re- 
maining uncracked concrete has insufficient shearing resistance. 


PRINCIPAL STRESSES 


Even though shearing stress alone is seldom a primary cause of failure, the 
shear combined with bending moment tension may form a resultant diagonal 
tensile stress which frequently causes initial cracking. This principal stress, 
unless adequately reinforced against, often limits the carrying capacity of a 
beam. Although shear is thus only a component of the principal stress, it is © 
generally used as a measure of the beam’s ability to resist principal tensile 
The shear component, however, is only usable for that purpose 
where conditions are similar to those forming the basis for the allowable shear- 
Bending stresses, torsional stresses, and axial stresses will also 


ing stresses. “stl 
e magnitude and directions of the resultant principal stresses. 


influence th 


g Shear alone as a measure of principal stress intensity may be misleading. 
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This fact is unfortunately often disregarded and in the case of members sub- 
ject to axial tension, the disregard may lead to unsafe designs. The adoption 
of the transverse shear force alone and its corresponding shearing stresses as a 
basis for the design of web reinforcement has caused a great deal of misunder- 
standing of the actual conditions of internal stresses in reinforced concrete 
members. It would undoubtedly have been better if, from the beginning, 
principal stresses had been made the basis for calculation and design of web 
reinforcement. 

In the design of reinforced concrete beams for bending it is usual to assume 
that concrete has no tensile strength. This is a necessary safeguard in such 
cases where the tensile strength of concrete is liable to be exceeded. The 
assumption that concrete has no tensile strength has been used, in other in- 
stances, as a basis for the development of mathematical theories. The result 
in such cases may be both unrealistic and misleading. The truth is that con- 
crete would be completely useless as a construction material if it had no tensile 
strength and no shear strength. 

While the assumption of no tensile strength in bending is universally ac- 
cepted, the practice is not so uniform when it comes to diagonal tension. 
European custom, in the case of beams, is either to reinforce for the com- 
plete shear on the portion of a beam where the allowable unit shearing stress 


for an unreinforced beam is exceeded, or to reinforce for the complete shear . 


if the unit allowable shearing stress is exceeded on any portion of the beam. 
North American practice has been to assume that concrete could carry some 
shear and use web reinforcement for the rest. Which contention is right, 
the European or the North American? 


Until about 1916 the rules for reinforcing against diagonal tensile stresses 
were about similar in Europe and North America. It was assumed that con- 
crete would take a certain part of the shear in any case, regardless of the in- 
tensity of stress, and that it was only necessary to provide shear reinforce- 
ment for the balance of shear not taken by the concrete. This rule, which is 
still used in the United States, has been abandoned in Europe. The chief 
reason for this abandonment was information obtained from extensive tests 
carried out in Germany during the first quarter of this century.’ These 
tests proved that the assumption of apportioning some part of the shear to 
the concrete would not always prevent failure in diagonal tension when a 
beam was loaded to its ultimate capacity. Tests were then conducted to 
find out what proportion of shear should be carried by the steel to prevent 
failure in diagonal tension. It was found that with the kind of concrete com- 
monly used and where shear was a critical factor that it was advisable to 
provide web reinforcement for the complete shear. German specifications 
were then changed in 1916 to provide for full shear reinforcement on such 
portions of a beam where allowable shearing stresses without reinforcing were 
exceeded. During the next decade, European specifications were changed 
to comply with this rule which is still in general use. Further German in- 
vestigations indicated that it was possible to have shear failure even on the 
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portion of the beam where the shearing stress was lower than 4 kg per sq cm 
(57 psi). In 1925 the Germans therefore again tightened up their shear speci- 
fications and prescribed full shear reinforcement for all shear if the allowable 
shear without reinforcing was exceeded on any part of the beam. 

It might appear from the above that North American engineers should 
follow at least the generally accepted rule of providing full shear reinforce- 
ment where the maximum allowable shearing stress without reinforcing was 
exceeded. Many engineers strongly favor adoption of such a rule. However, 
there is a condition which should be considered before taking such a step. 

The Germans have allowed the use of concrete of relatively low compressive . 
strength. Their ordinary concrete qualities are designated as B 120, B 160, 
B 225, and B 300, which indicate compressive cube strengths in kg per sq cm 
at 28 days. This corresponds to cylinder strengths of about 1500, 2000, 2800, 
and 3400 psi, respectively. The use of the lowest strength concrete was rather 
common earlier and is still allowed for unimportant reinforced concrete struc- 
tures. The second grade has, until recently, been more or less the standard 
for ordinary work. The German tests showed that for the two lower grades 
it was difficult to avoid crushing of concrete at the bend of bent-up bars if 
the steel strength was to be fully utilized and such bent-up bars are designed 
in German practice to take most of the shear. Safe anchorage of the smooth 
stirrup bars in the compression zone was also a problem, although as a rule a 
lesser one. Using full shear reinforcement for such low strength concrete 
meant in reality the lowering of the actual steel stress to such an extent that 
crushing of concrete and slipping of anchorage was avoided. Even Morsch, 
who was the chief advocate of full shear reinforcement, found that when us- 
ing the third grade, B 225, full safety against shear failure was obtained with 
web reinforcement for only half the shear.? The reason was the greater safety 
against crushing and anchorage failure with the higher strength concrete. 

While North American codes allow the use of 2000-psi concrete, such low 
strength concrete is seldom used for structures of any considerable span or 
importance. It would be uneconomical under these circumstances, except 
for concrete with strength less than about 2500 psi, to specify full shear rein- 
forcement regardless of concrete quality. 

The National Building Code of Canada was changed a year ago to specify 
that at least two-thirds of the shear above the lower allowable limit should be 
taken by the web reinforcement for unit shearing stresses up to 0.06 f.’, above 
which the full shear should be taken by the web reinforcement. It. is the 
writer’s opinion that on the stretch where shear reinforcement is required | 
it is better to reinforce for a certain proportion of the shear than to provide 
only for the excess shear stress block above the allowable value for concrete 

~ without web reinforcement. If, on a portion of a beam, there is any danger of 
formation of diagonal tension cracks, there should then be a sufficient number 
of stirrups at a reasonable spacing to hinder objectionable widening of the 
cracks. Such spacing is not feasible where the shear stress block is wedge 
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It has been proved by numerous tests that the remaining uncracked con- 
crete of a section will carry some external shear. If it were possible to de- 
termine how much shear the concrete itself would carry, it would then be 
necessary to put in only enough web reinforcement to carry the excess shear. 
This reinforcement would be sufficient to safeguard the member against 
diagonal tension or shear failure. a 

To determine how much the concrete will carry is not an easy matter, how- 
ever. The strength of a beam in shear depends not only on the compressive 
strength, shearing strength, and tensile strength of the concrete but also on the 
amount and distribution of the web reinforcement and even to some extent 
on the horizontal reinforcement. Shrinkage stresses and temperature stresses 
may also have a large influence. Considerable work has been done in the 
United States to evaluate the influence of all but the last two items and 
empirical formulas intending to show the ultimate shearing resistance of 
beams have been worked out (see for instance papers by Moretto?® and by 
Laupa, Siess and Newmark’). It has been found that the formula by Moretto 
based on tests of simple beams does not apply to restrained beams." Ac- 
cording to Laupa, Siess and Newmark (Reference 7, p. 10-11) all earlier 
attempts have failed to establish generally applicable equations. In their 
paper these investigators make another attempt to work out formulas for 


ultimate shear strength of both rectangular and T-beams. However, the’ 


analysis is based only on beams made and tested in laboratories. The in- 
fluence of longitudinal forces set up by shrinkage and temperature deforma- 
tions, such as will most often be encountered in a structure where a beam is 
only a part of the whole, has been neglected. It is the writer’s opinion that 
even if the equations had been suited for practical use, they would still not 
generally give accurate or safe values since the above mentioned additional 
influences have not been taken into account. 

The above discussion applies to the ordinary condition of freely supported 
ends. Most of the tests for shear have been made on such simple beams. The 
principal stresses under this condition will be a combination of shearing 
stresses and bending stresses. Near the free end of the beam shearing stress 
will form the largest component while the opposite is the case toward the 
center of the span. There will also generally be little external axial tension 
from shrinkage and temperature deformation at the freely supported end of a 
beam. A crack in the concrete will generally start, under these conditions, 
from the underside of the beam and move upward toward the neutral axis. 
If there is no web reinforcement, the external shear will then have to’* be 
taken partly by dowel action of the bottom reinforcement and partly by the 
uncracked compression zone above the neutral axis. 


It may be useful to consider the problem of dowel action in more detail. 
If a bar is embedded in a concrete body of fairly large cross section, we know 
that the bar will carry a considerable transverse load after the concrete has 
cracked. How much additional resistance the bar provides to concrete be- 
fore cracking is not known by the writer but it is probably not much. In the 
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case of the ordinary horizontal reinforcement in a concrete beam, the bars are 
placed fairly close together near a surface. There will therefore be a relatively 
small concrete section left outside and between the bars to resist a transverse 
pressure from the bars. This concrete will in addition have considerable 
tension from transverse shrinkage which the relatively uncompressible steel 
bars will set up. It is not to be expected under these circumstances that the 
remaining small concrete section can have much dowel resistance and cer- 
tainly not to an extent which will justify much dependence on it. There is 
still another way in which dowel action may take place, namely if a horizontal 
split along the bars crosses a stirrup. Such a stirrup will then take up the 
transverse load from the horizontal reinforcing bars. Thus, if a diagonal crack 
starts near a stirrup there may still be considerable help from the stirrup after 
a split has formed even if the diagonal crack does not cross the stirrup. This 
may, under certain circumstances, relieve the remaining uncracked concrete 
section of some of the shear load. As the stirrup gets overstressed, or the 
horizontal bars are deformed in bending, the shear load again transfers to the 
uncracked concrete section. It should also be mentioned that the portion of 
shear load which may be carried by the combined bar-stirrup dowel action will 
depend on the slope of the diagonal crack since this has an influence on the 
vertical offset of the adjacent sections at a crack. 

In view of the above discussion it would appear to be difficult to determine 
how big a proportion of the shear load will be taken by dowel action and it 
seems safest to disregard this completely. Under these circumstances, and 
if there is no web reinforcement crossing the crack, the whole shear must be 
taken by the uncracked compression concrete. It is not likely that inter- 
locking of aggregate across the crack will carry any appreciable portion of the 
shear. The contention that concrete can carry some shear is therefore true 
for a case where some portion is uncracked. Since concrete is relatively strong 
in shear, less than the complete concrete section will in many cases provide 
stability. However, as the crack moves upward, the section of concrete 
which must carry both shear and compression becomes smaller and the unit 
principal stress correspondingly higher. We may then get a failure caused 
by combined shear and compression. Thus, the function of well designed 
web reinforcement should be to carry some of the shear directly, and also 
hinder a diagonal tension crack from moving so far upward that the remaining 
uncracked portion becomes too small. Tests have shown that web reinforce- 
ment properly spaced and proportioned will have an effect on the shear 
strength of a beam even if not designed to take the full shear. 


It is not easy to determine the actual distribution of shear load between 
concrete and web reinforcement. Where material of different kinds is used 
‘to form a structure, it is always a possibility that one kind may fail before 
the other gets into action. Steel will stand overstressing to a considerable 
extent, and in the case of web reinforcement may generally be depended on 
to act with the concrete until complete failure of the member takes place. 


Tf, on the other hand, the concrete should fail completely before the steel gets 
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into action, the whole load would, in such a case, have to be carried by the 
steel. This will be the case with a reinforced concrete member in tension 
and, as will be shown later, may also apply to a continuous beam at the point 
of contraflexure. 

Concentrated loads and the reaction from a support have some local modi- 
fying influence on the principal stresses. Investigators have found that 
compression from a support increased the principal compressive stress near 
the support by 38 percent and decreased the principal tensile stress by 28 
percent.!2. The important part of this stress change is, of course, the bene- 
ficial decrease in diagonal tension. Since this decrease only occurs near the 
support, it is obvious that shear of the same magnitude is more dangerous 
farther out on the beam. 


WHICH TYPE OF WEB REINFORCEMENT IS MOST EFFECTIVE? 


In Europe the practice is to use bent-up bars as the major part of web re- 
inforcement and space stirrups at a uniform distance to take a minor pro- 
portion of the shear. American practice favors the use of vertical stirrups 
and often no bars at all are bent-up. To determine what kind of web rein- 
forcement is most effective, it is useful to study the stress trajectories of a 
homogeneous beam. 5 


Fig. 1 shows the trajectories for one-half of a simply supported beam acted 
on by a concentrated load at the center of the span. The principal stresses 
will all have slopes of 45 deg at the neutral axis where there is no bending 
stress. However, slopes will differ considerably along the beam from the 
neutral axis to the tension side. 

In the ordinary shear theory for reinforced concrete, we assume concrete 
to have no tensile strength and the weak section in diagonal tension to con- 
tinue downward from the neutral axis at 45 deg. This assumption forms the 
basis for the Mérsch truss analogy and also for the spacing of stirrups. How- 
ever, tests have proved that the assumption of concrete compression diagonals 
and bent-up tension steel bars forming a Warren truss with diagonals at 45 
deg will not give sufficient safety against crack formation. Neither will a 
Pratt trust system be safe with concrete compression diagonals at 45 deg 
and vertical tension members consisting of stirrups. Bent-up bars should 
not be spaced farther apart in the longitudinal direction than a distance cor- 
responding to the effective depth," and stirrups certainly not more than 75 
percent of this dimension if the web reinforcement is to be sufficiently effective. 
The reason for the closer spacing seems to be obvious. The average slope 
of a stress trajectory is steeper than 45 deg near the support and becomes 
almost vertical near the center of a beam. Cracks are most. likely to start 
along a line of maximum principal tensile stress and follow such a line unless 
there is an influence causing a redistribution of stresses. Local weaknesses 
and web reinforcement crossing a crack will be parts of such a modifying 
influence. A truss analogy is, therefore, only of value if the compression 


; 


ee 


= ee ee 


"Sk AGS See 


ee ehh. eine ee Bud a > = 


reinforcement will act together for cases 0 


5 ia F gi) — a ea Se ae NS Poe Re ee Ee 


OTL AS 34° 
r \' : 


SHEAR, DIAGONAL TENSION, AND ANCHORAGE 703 


Fig. 1—Stress trajectories for 

simply supported beam with a 

concentrated load at the cen- 
ter of the span 


I 


diagonals have slopes corresponding to the actual slopes of compressive 
stresses in the beam. 

Web reinforcement is supposed to be effective only when crossing a crack. 
If the crack is so steep that stirrups will not necessarily cross it, of how much 
value are the stirrups? This question is especially important for locations 
where both shear and bending stresses are a maximum, such as at interior 
supports of continuous beams and for beams having concentrated loads. An 
answer to this question could only be determined by tests. It would appear, 
however, that bent-up bars will generally provide much greater safety against 
diagonal cracking than can be expected from vertical stirrups. Stirrups, on 
the other hand, will perform the useful additional function of reinforcing a 
beam transversely against splitting caused by bond or anchorage stresses 
in the main horizontal reinforcement. An alternative to bent-up bars would 
be stirrups placed at a suitable slope. There can be no doubt that such 
stirrups, if properly anchored to the main reinforcement, would be just as 
effective as bent-up bars. In fact, they would be even better because of gen- 
erally smaller cross section and therefore better anchorage at the compression 
side. Neither would there be the same danger of crushing concrete at the 
bends. Sloping stirrups would have the same advantage as ordinary ones in — 
providing reinforcement in the transverse direction. That sloping stirrups 
are better than vertical ones in locations with both maximum bending and 
shear seems to be quite obvious and has been proved by tests.™ 

It should be understood that vertical stirrups will only carry the vertical 
component of the diagonal stress. There should be in reality a corresponding 
amount of horizontal reinforcement to take up the horizontal stress component 
of the diagonal stress.® If this horizontal steel is lacking, additional tension 
is thrown on the main horizontal reinforcement. If the beam should-be rela- 
tively deep it would be advisable (and it is required by some European con- ~ 
crete codes) to place special longitudinal reinforcement in the middle portion 


of a beam stem. 


SHEAR AT POINTS OF CONTRAFLEXURE”."* 


We have seen that there is good reason to assume that concrete and web 
f combined bending and shear. 
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That can only happen if a portion of the concrete section is uncracked, as is 
generally the case where there is some bending. This also forms the basis 
for the ordinary shear stress formula for reinforced concrete. We cannot, 
however, assume that this formula will apply if one of the basic external load 
conditions such as bending is absent. 

When calculating the stresses in a reinforced concrete section, it is usual to 
designate the condition before cracking as “‘Case I.” When a crack forms 
and only a part of the concrete section is effective, the condition is designated 
as “‘Case II.’”’ The usual shear stress formula for reinforced concrete with 
its corresponding stress diagram is based on the conditions of Case II. This 
assumes cracks to be perpendicular to the axis of the member and that there 
will be an uncracked portion from the neutral axis to the compression side 
of the beam. 

To follow the action of the stressing of the member, it is necessary to start 
with Case I. We know that concrete has its greatest weakness in tension 
and when it cracks it will ordinarily start along a line perpendicular to the 
principal tensile stresses. This cracking line is never vertical at any point 
on a beam acted on by transverse forces where there is little or no bending 
moment. The assumption of vertical cracking at such a point to suit our 
usual shear stress formula is therefore not in order. Furthermore, since the 
tensile stresses perpendicular to a diagonal plane will extend from top to bot- 
tom of the beam and will be of greatest magnitude near midheight, we can- 
not generally figure on the crack stopping before it has passed through the 
complete section. There is in such an instance no Case II, but only Case I 
and a second condition with the concrete section entirely inactive. The whole 
shear and direct tension will then have to be carried by the steel without 
any help from the concrete. If the steel is not strong enough for that purpose, 
the result will be complete failure. Such a condition is encountered at a point 
of contraflexure of a continuous beam since there is no bending at that point 
but only transverse shear. There may be, in addition, either direct tension 
or compression acting in the longitudinal direction of the beam. If the direct 
load is compression, the diagonal tension component will be smaller, but if 
there is longitudinal tension, the combined diagonal tension component will be 
greater with a correspondingly decreased factor of safety. 


The allowable shearing stresses found by the ordinary shear stress formula 
are based on tests of simply supported beams. Even if the stresses found by 
this formula are not exact, they still form a useful basis for comparison for 
similar conditions of loading, shape, and support. If conditions are quite 
dissimilar, as at a point of contraflexure, an approximate formula may lose 
all its value as a measure of comparison. The originators of the formula may 
not have been aware of this limitation, or at least have failed to draw it to 
the attention of others; that the formula gives only relative values has been 
known for many years (Reference 5, p. 343). 


If we want to find what the approximate shearing stresses are at and near 
a point of contraflexure before any cracking has taken place, it is necessary 


ov a 


ee i ie 


SAY ae “AP oss 


= 
‘ dia 


Ae NIP 
7 ~Y 


ty \ 


wy | 


any mre 


Pe ee IN pe TN Ue PP 


SHEAR, DIAGONAL TENSION, AND ANCHORAGE 705 


to use the formula for homogeneous sections. This formula will give a unit 


maximum shear stress of v = 1.5V/bh at the neutral plane of the section and 


the stress will decrease parabolically to zero at top and bottom of the beam. 
The presence of reinforcing steel may modify the stress to some extent. In- 
vestigations by Morsch have indicated a coefficient of 1.62 instead of 1.5 where 
the bending moment is low and the concrete uncracked.'7_ This small differ- 
ence, which may in itself be variable, is of little importance. The important 
point is that the maximum principal tensile stress at points of contraflexure 
is not at the bottom or at the top of a beam but rather at the centroid of 
the section. Furthermore, since the weak section for principal stresses is not 
vertical, but inclined, there will be compressive stresses induced from bending 
both at top and bottom where the incline reaches the top and bottom surfaces. 
This again increases the tensile stress at the neutral plane of the section. How- 
ever, whether a crack will first start at top, bottom, or center will likely de- 
pend on local weaknesses in the concrete. 

If a through crack forms at a point of contraflexure, neither the shear formula 
for homogeneous beams nor the usual shear formula for reinforced concrete 
will apply because there will be no shearing strength of the concrete left for 
transfer of shear across the crack. In a case like this, the structural stability 
of the member depends either on the ability of the concrete alone to take the 
complete diagonal tensile stress or, if the concrete cracks, the complete shear 
and longitudinal force must be taken by the reinforcement. Putting in web 
reinforcement for only two-thirds of the shear, for instance, is equivalent to 
expecting web reinforcement to carry one-third extra stress after it gets into 
action due to formation of a through crack. 

It is true that the positive and negative bending moments will increase rela- 
tively fast from a point of contraflexure. However, if we assume the weak 
plane in diagonal tension to be at 45 deg (and it will be steeper in most cases), 
the distance available for getting concrete into compression will be, at the 
most, only half the depth of beam on each side of the contraflexure point. 
Since, in the majority of cases, there will be initial tension in the concrete due 
to restrained shrinkage, we cannot safely figure on any portion of concrete 
being in compression along the potential diagonal crack line. Furthermore, 
any increase in compression at both top and bottom of beam must create a 
corresponding additional tension on the center portion so there will be no real 
help from such compression. 

The horizontal inward reaction ina rigid frame will be helpful, particularly 
in the end spans, to put some horizontal compressive stresses into the beam. 
Internal columns, if fairly rigid, will decrease this compression. Interior spans ~ 
will therefore, and because of axial shortening of the beam due to shrinkage 
and temperature decreases, be in the worst position even if the shearing stresses 
are the same. 

There is little doubt that the most suitable web reinforcement at points of 
contraflexure are bent-up bars or sloping stirrups. A crack at this position 


_may be as steep as 60 deg and perhaps even steeper due to the presence of 
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longitudinal forces.!’ In such cases, the shear distance adequately covered by 
a vertical stirrup may be rather short. Bent-up bars will cover a greater dis- 
tance and will not be liable to destruction one by one to the same extent as 
stirrups, which may be stripped off progressively. 


There is generally some initial internal stress in a beam caused by shrinkage. 
For a section containing reinforcement, this will cause compression in the steel 
and tension in the concrete. Assuming, for instance, a shrinkage coefficient 
for unreinforced concrete of m = 0.0003, FE, = 29,000,000 psi, p = 1.5 per- 
cent, and n = 10. 


E n 0.0003 X 29 ,000,000 _ x 00 = 113 psi tension 
fait mes Ten ete 10 1+ 10 X 0.015 f 
113 : : 
f= ‘ a ce: 7533 psi compression 


The coefficient of shrinkage used here is smaller than may be expected for in- 
door conditions and completely dried out concrete. On the other hand, there 


will be a plastic flow of concrete which will reduce the shrinkage deformation 
somewhat. 


The beam length will also decrease in accordance with the deformation’ 
caused by shrinkage shortening of the complete system. If the supports are 
of a kind which will restrain such longitudinal deformation, the result will 
be a further increase in concrete tension. The maximum tension created by 
concrete shrinkage would occur where all longitudinal contraction was pre- 
vented by support resistance. Complete hindrance of contraction is infre- 
quent, but a considerable resistance is rather common. It is, unfortunately, 
difficult or impossible in many cases to determine this resistance accurately. 


There is still another form for shrinkage stress which might not be negligible. 
In a member of large cross section, drying out of surplus water must neces- 
sarily start from the outside. If this drying process takes place quickly, there 
will be large shrinkage stresses set up at the exterior part of the member while 
the interior will be in compression and act in about the same manner as ex- 
ternal support resistance. It is quite conceivable that under unfavorable 
conditions, the external concrete may be overstressed and get thin cracks 


not easily visible. The complete concrete section may not be at its weakest . 


during this period of drying since the internal concrete is stil] in compression 
and thus will decrease the longitudinal shortening of the member. A similar 
condition of differential shrinkage stresses could occur in an I-shaped member 
where the thinner web would dry out more quickly than the bulkier flanges. 


It is clear that the contribution from shrinkage stresses to principal tensile 
stresses could be quite large. We might get into a situation where the tensile 


strength of concrete is overcome even if the nominal shearing stress is not 
unduly high. 
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Let us now consider the combined stress condition at a point of contraflexure 
(Fig 2). We will at first assume that there is no crack and that section A-A 
represents a potential plane of weakness perpendicular to the principal tensile 
resultant stress. The stress distribution on the portion of the beam to the 
right would then be about as indicated in Fig 2a. If a crack forms there must 
then be a redistribution of stresses if equilibrium is to be maintained since 
the shear component S will be destroyed (assuming no dowel action). This 
new stress condition is shown in Fig. 2b. It is clear that the tension com- 
ponent T in Fig. 2a is causing the crack and not the shear component S, 
since concrete is relatively strong in shear. 


The force diagram shown in Fig. 2b would have to be modified if there were 
an external horizontal force acting on the beam. If this force was a tension, 
the direct compressive stress in the horizontal reinforcement would decrease 
and even turn into tension if the external force became greater than H, + A». 
With stirrups only taking all shear, there would of course always be tension 
in the horizontal reinforcement if the beam had an external tensile load. 


The question may be asked if it is necessary in all cases to provide web 
reinforcement at points of contraflexure. The writer does not think that this 


stress 


Fig. 2a Fig. 20 


Fig. 2—Stress conditions at a point of contraflexure 
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is the case. We know that concrete can take some tension and that also applies 
when such tension acts in a diagonal direction. Continuous reinforced con- 
crete slabs, for instance, have given little or no trouble at points of contra- 
flexure because the diagonal tension in most cases will be low and on the safe 
side. 

It has been mentioned that the presence of longitudinal tension will cause 
a diagonal crack to be steeper than 45 deg. If there were no shear, the crack 
would of course be about 90 deg with the longitudinal axis. Conversely, with 
longitudinal compression, such as for instance in a precompressed concrete 
member, the diagonal crack should occur at an angle smaller than 45 deg. 
While sloping web reinforcement would be most advantageous for a member 
subject to axial tension, vertical stirrups should be better suited for a pre- 
compressed concrete member. 

Another difficult question to answer is what constitutes the most dangerous 
section in shear. Is it the section close to an interior support where both shear 
and bending moment will generally be a maximum, or is it at a point of con- 
traflexure where there may be a high shear but no bending? These questions 
are not answered completely by tests and experience. It seems probable, how- 
ever, that longitudinal tension from shrinkage or temperature deformation 
will make the sections at points of contraflexure the most dangerous in many 
cases. Such longitudinal tension is present in most large continuous struc- 
tures, but to a variable extent. In a section subject to bending and axial 
tension, the tension may tend to open up a crack, but on the other hand, it 
will decrease the compression in the uncracked section. Because of this it is 
possible that the shear-compressive strength may not be affected much by a 
moderate axial tension. The failure of the U. 8. Air Force warehouse frames 
occurred near the points of contraflexure and tests indicated these points to be 
the weakest. The tests reported by Anderson, Elstner, and Hognestad are 
the only ones known by the writer where the test beam was also subject to 
axial tension.!*:!® German tests of restrained reinforced concrete beams were 
mentioned by Balog®® in his discussion of the above paper. However, the 
three German test beams had haunches of a form which cut the unit shearing 
stress at the support to a small fraction of what it was at the point of contra- 
flexure.’ The test beams had, in addition, no external longitudinal restraint. 
In view of the above conditions the shear investigations of these beams, in the 
writer’s opinion, form no basis for a general conclusion about what may be 
expected in actual practice. It may also be noted that haunched beams in 
shear may act somewhat differently from ordinary beams of uniform Cross 
section. 

We may perhaps assume, until further knowledge is gained, that when some 
longitudinal restraint is present, shearing stresses at points of contraflexure 
are more dangerous than shearing stresses of the same magnitude at any other 
point. It seems probable that shearing stresses of the same magnitude will 
be more dangerous at a point of contraflexure than near the support where 
there are also compressive stresses from bending. If this assumption is correct, 
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we should then cut the allowable shearing stresses at points of contraflexure 
below what is allowed near an interior support. It is fortunate that in most 
cases the shear at points of contraflexure in a uniformly loaded member com- 
plies with such a requirement. In practice it may vary somewhere between 
50 and 70 percent of the shear at the face of support. For a member of uni- 
form cross section, this automatically provides a corresponding reduction in 
diagonal tension. This may not be true for concentrated loading and for non- 
uniform cross sections. The writer thinks that if the maximum allowable 
shearing stress at the face of an internal support does not exceed what is 
allowable for unreinforced concrete, then no special web reinforcement is needed 
at points of contraflexure unless conditions are such that the shearing stress 
at this point exceeds about two-thirds of the allowable shearing stress. If, 
however, the allowable shearing stress at face of support is exceeded, web 
reinforcement for at least two-thirds of the shear at support and for the full 
shear at and somewhat beyond the extreme location of points of contraflexure 
should be provided. For most cases this rule will allow a uniform spacing of 
shear reinforcement from the support to the nearest location of point of contra- 
flexure, and that will simplify both design and placing of shear reinforcement. 
Special precautions should be taken however, when the continuous line of 


_ beams is long and heavily restrained against longitudinal movement and where 


most of the load is of a permanent nature. The same applies to marginal 
beams and other beams subjected to considerable torsion. 


FLANGE EFFECT 


In the 1956 ACI Building Code, beams subject to T-beam action were ex- 
cluded from the increased shear reinforcement requirements [Section 801(e)]. 
The reason for this exclusion is not clear. No other reinforced concrete code, 
to the writer’s knowledge, gives any special preference in shear to T-beams. 
The contrary view is more often held: that T-beams should always have some 
web reinforcement regardless of shear intensity to tie flange and stem securely 


- together. 


It would seem that at a freely supported end with ordinary proportions 
of flange and stem, the flange will have a negligible effect on preventing initial 
diagonal tension cracks in the stem. The effect will also be small in resisting 
widening of the cracks because this will depend mostly on the horizontal and 
vertical reinforcement. It is reasonable to assume that the flange will have 
some effect on the ultimate load capacity because of some increased resistance | 
in combined shear and compression. For beams with relatively thin flanges 
the beneficial effect might be quite small. It is clear that when comparing 


-T-beams with a rectangular beam of the same total depth, the actual lever 
arm of internal stress resultants must be used. 


It is rather difficult to find if a flange of any proportion will be of any ben- 
efit at a point of contraflexure. The initial shrinkage”stress would certainly 
be as large in the flange as in the beam itself and possibly larger because of 
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less reinforcement resisting shrinkage shortening. It is even possible that the 
adjacent slabs forming the flanges might crack before the stem due to shrink- 
age stresses if the system is heavily restrained from contraction. Taking the 
above into consideration, tests of isolated flanged beams might not give re- 
sults properly applicable to a more complete structural system. Considering 
also the large variation in flange proportions, the flange effect becomes so un- 
certain and variable that it seems safest to disregard it and to use the same 
rule for shear reinforcement as for rectangular beams. In the case of marginal 
beams subject to torsion, an assumed benefit from T-beam action appears to 
be especially unjustified. 

On the portion of beam with negative bending moment and with a top 
flange, there can, of course, be no question about T-beam action. The flange 
must crack if the tension reinforcement gets into action, in which case the 
beam will act as a rectangular section in both bending and shear. 

The writer is aware that test results of two T-beams'* show some advan- 
tage of T-beams over rectangular beams with vertical stirrups (but no ad- 
vantage where the web reinforcement of the same strength was placed on a 
slope). These two laboratory tests with isolated T-beams having no special 
longitudinal restraint certainly do not seem to form a sound basis for ex- 
cepting T-beams of all forms and any flange to stem proportion from the 
general requirements of shear reinforcing in beams. 

Some European codes require a minimum of web reinforcement along the 
complete length of both rectangular beams and T-beams. Stirrups are mostly 
used for that purpose. How effective and necessary stirrups are as shear 
reinforcement near the center of a beam with nearly vertical tension cracks 
may be questionable. However, they help to form a rigid skeleton and will 
act as ties for the top bars in a rectangular section. At the sections with 
negative bending moments, stirrups will also be useful as ties for the rein- 
forcement in compression. Whether or not compression reinforcement is the- 
oretically required, we may be sure that the influences of shrinkage and creep 
will generally induce considerable compression into the bottom bars. The 
writer makes it a rule to use stirrups for the complete length of any beam of 
ordinary size and importance. 


SHEAR CONDITIONS WHERE BOTH BENDING AND SHEAR ARE MAXIMUM 


This condition is encountered near an interior support of a continuous beam 
uniformly loaded, but may also be found at any other place on beams with 
concentrated loads. The direction of cracks at such places will be much steeper 
than 45 deg, and it is not certain that cracks will be crossed by an ordinary 
vertical stirrup. In spite of this obvious fact, it has so far been customary 
to design web reinforcement for shear only and to disregard the influence of 
bending stresses on crack direction. The writer has some doubt if uniform 
safety is obtained by means of such simplification. Is it not likely that we 
must rely entirely on the shearing resistance of the uncracked concrete section, 
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Fig. 5 Fig. 3a Fig. 3b 


Fig. 3—Cracked beam with none of the cracks crossed by shear reinforcement 


with a little help from dowel action, to carry the complete shear if web rein- 
forcement does not cross a crack? 


Fig. 3 shows a portion of a beam where there are two cracks with relatively 
slight slopes at a distance apart of x, none of them crossed by shear rein- 
forcement. The shearing force acting on the cantilever in Fig. 3a is evidently 
AT. The shear will then be 1.5(A7/bx) in which AT’ will depend on the depth 
of beam and the bending moment while the distance x will be chiefly a function. 
of the bonding resistance. 


If we now consider what takes place at one of the cracks, we find an en- 
tirely different condition. The tension in the main reinforcing bar will be 
the same at each face of the crack. No horizontal shear is transferred across 
the crack by the steel and none by the concrete itself across the crack. No 
vertical shear can be transferred by the concrete from one side of the crack 
to the other side, but there may be some shear transferred by dowel action 
of the main reinforcement. It is likely, however, that most of the shear and 
all compression from bending must be carried by the remaining uncracked 
concrete section above the neutral axis and the true principal stresses, where 
they have to flow past a crack, will be rather complicated. 


It is easily seen that the ordinary formula for shearing stresses will not, 
in this case, give a true picture of stress conditions and its value, even for 
comparison, may not be too good. More investigations and tests of such 


problems are needed. 
ANCHORAGE 


The general acceptance of the improved type of deformed reinforcing bar 
has made possible a considerable increase in allowable bond stress. However, 
the increased bond stress will also increase the tendency of splitting. Allow- 
able bond stresses have been determined on the basis of pull-out tests where 
the concrete specimens were so large that splitting was not too critical a factor. 
There can be little doubt that where splitting is prevented, the bond stresses 
allowed by the codes are safe. - However, reinforcing steel is placed in most 
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cases near the surface of a concrete member and we cannot, therefore, always 
expect to have a condition where it is safe to utilize the full allowable bond 
stress without using some other means such as stirrups to strengthen the sec- 
tion. Just as in the case of shear it should be mandatory that a beam, when 
loaded to its ultimate capacity, should not fail in bond or anchorage. 


The ordinary theory used for calculating bond stresses assumes two trans- 
verse sections one unit length apart. The bond stress will then be propor- 
tional to the difference in bar tension at the two sections. This assumption 
does not hold in practice because cracks at critical points for bond and shear 
are not generally formed in a 90 deg direction to the neutral axis. It should 
also be understood that transverse stirrups can only take the vertical com- 
ponent of the shearing stress. The horizontal component, as has been men- 
tioned earlier, must be taken by the horizontal reinforcing steel and will add 
to the tension in this steel over and above what is caused by bending alone. 
This fact has generally been overlooked and little attempt has been made to 
evaluate the additional tension in the main reinforcement. An analysis of a 
particular case was published by Rausch, and discussed by other German 
engineers.*!_ Rausch’s solution is based on a crack forming at a 45-deg angle 
and that the complete vertical shear is taken by the stirrups.° However, 
cracks do not always form at 45 deg and American codes allow some part of 
the shear to be taken by the uncracked concrete. A more general theory, 
of which the Rausch formula is only a special case, has been worked out and 
published.?® 

In Fig. 4 assume a crack at an arbitrary angle. S is an arbitrary proportion 
of shear taken by the stirrups, while the rest is taken by the uncracked con- 
crete in the compression zone at O. Let us disregard the weight of the beam 
end itself, although it would not be difficult to include this in the analysis. 

With moment about O, we have: 


R(b+2)—T:- 0 


from which 7 = a + = ne 
2 


For « = 0, that is, the crack being vertical, the two last terms of the equa- 
tion disappear and: 
M, 


T . — 


2 


which is in accordance with the accepted bending moment theory. There 
will be no excess bar tension for that case. 
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For x = z and S = R, that is, the crack being at 45 deg and the complete 
-shear taken by the stirrups, we have: 


which is the Rausch formula. 
If all the shear is taken by the concrete at O, that is, there are no stirrups, 
and we assume the crack at 45 deg or x = 2, then: 


Mo 


T = +R 
z 


It is seen that without stirrups the excess bar tension is twice that given by 


the Rausch formula. 

If x is greater than z, which may well happen if the top of a secondary 
crack joins the primary crack, and there are no stirrups, it follows 
that the excess stress may become much greater than the magnitude of shear 
R. The formula can, of course, also be easily solved for any assumed pro- 
portion of shear taken by stirrups. 

If we have no stirrups, it is evident from simple statics that the tension 
T = M./z will be constant regardless of what the downward slope from point 
0 is. If the slope becomes flatter, the difference between the stress in the 
bar at the crack, and just to the left of the crack, will become increasingly 


greater. 
The app 
part of the shear taken by stirrups, woul 
‘an ample amount of shear reinforcement. 
It is rather disturbing that the above deduction more or less plays havoc 
with the accepted theory of bond stress as given in the textbooks on rein- 
forced concrete. Instead of a differe 


arent increase in bar tension where no stirrups are used, or only a 
d indicate that it is desirable to use 


ntial stress corresponding to the differ- 


Fig. 4—Anchorage examp'e 
<i problem 
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ence in moment tension at two points a unit length apart, we may have a 
unit differential stress near a crack corresponding to sections as far apart as 
the depth of the beam itself and even more. 

Another conclusion which may be drawn from the analysis, is that caution 
should be used not to cut bars too short when stopping them beyond a point 
of assumed zero bending moment. It is quite possible that the bars may carry 
much more stress near their terminal ends than has hitherto been assumed. 

In the case of a rectangular beam, there should be continuous longitudinal 
reinforcement on top along the complete length of the beam and splices in 
such reinforcement should have a sufficient overlap to develop the complete 
strength of a bar. A rectangular beam should be secured by reinforcement 
on the compression side against lateral forces even if such forces are not sub- 
ject to calculation. It is almost as illogical to leave a rectangular beam un- 
reinforced on the compression side as to eliminate reinforcement in a column 
when the concrete itself does not need any help from steel to carry the load. 

When a crack has formed, it is clear that bond stresses near the crack on 
both sides of it will be much higher than obtained fron the usual formula. 
This high bond stress together with dowel action will frequently cause for- 
mation of a secondary crack which may join the original crack higher up on 
the beam. This may result in practically a loose piece of concrete being formed. 


If this should happen, the distance x in Fig. 4 will again increase with a cor-. 


responding increase in bar tension. 


CONCLUSION 


In this discussion of some of the many problems in shear, the writer is aware 
that some of his views may be controversial and should receive more inves- 
tigation. It is hoped that this paper will further the interest in shear problems 
so that a concerted effort may be made to investigate and solve that which 
is still unclear. In the meantime, the writer would advise a designer not to 
skimp on web reinforcement, especially on long strings of continuous beams 
where considerable resistance to longitudinal contraction should be expected. 
The more important a structure is and the longer the span or the larger the 
cross section, the more conservative the design of web reinforcement should 
be. The money to be saved by skimping on such reinforcement is seldom 
worth the time required to make an elaborate analysis based on uncertain 
load and stress conditions. 
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Title No. 55-46 


TRAIN 


in beams having diagonal cracks 
By D. Watstein and R. G. Mathey 


SEVERAL REINFORCED CONCRETE BEAMS were tested to determine the validity of the 
usual assumptions that longitudinal reirforcement does not transfer vertical shear across a 
diagonal tension crack and that the maximum compressive strain within the shear span is 
developed at the extreme fiber. Extensive strain measurements in the steel and the con- 
crete indicated that a plane section did not remain plane following development of a 
diagonal crack and that the maximum compressive strains in the concrete occurred some 
distance below the extreme fiber. The longitudinal reinforcement was found to carry con- 
siderable vertical shear across a crack, but this force decreased rapidly as the load ap- 
proached the maximum. 


In ANALYSES OF DATA on shear strengths of reinforced concrete 
beams it is commonly assumed that tension reinforcement does not transfer 
vertical shear across a diagonal tension crack and that the maximum strain 
in the concrete at the critical section of the shear span occurs at the outer- 
most fiber. It is also usually assumed that the maximum value of this strain 
in the shear span of a beam failing in shear is of the same order of magnitude 
as the maximum strain in a flexural failure. 


Several reinforced concrete beams designed to fail in shear were tested 
at the National Bureau of Standards in order to investigate the validity of 
these assumptions. The instrumentation used in this investigation was de- 
signed to determine the distribution of strain within the shear span and the 
magnitude of the vertical shear carried by the longitudinal reinforcement 
across a diagonal tension crack. 


TEST PROGRAM AND SPECIMENS 


"The nine beam specimens used in this study were designed and instru- 
mented to yield information on the distribution of strain in both concrete and 
steel during the progressive formation of diagonal tension cracks and to 
furnish the means of computing the shear carried by the longitudinal rein- 
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forcement across these cracks. In addition to extensive strain measure- 
ments in both the steel and concrete, it was also necessary to plot the patterns 
of the diagonal tension cracks to compute the vertical shear transferred by the 
longitudinal reinforcement. 


The beam specimens are described in Table 1. Two types of beams were 
used in this investigation. One of these was Beam A-15 illustrated in the top 
of Fig. 1. Beam A-15, whose cross section was 6 x 15 in., had a 9-ft span and 
was loaded at quarter points. The large number of strain gages placed on the 
concrete in the shear span of this beam permitted the determination of strains 
both above and below the major diagonal tension cracks. The second beam 
typical of those representing Beams B-18 through E-18 is shown in the bottom 
of Fig. 1. These beams had a cross section 8 x 18 in., a span of 6 ft, and they 
were loaded at third points. The reactions and applied loads were distributed 
through steel bearing plates 34 in. wide and 1 in. thick, which extended over 
the entire width of the beams. 


TABLE 1—DESCRIPTION OF TEST BEAMS AND RESULTS OF STRENGTH TESTS 


Longitudinal reinforcement ; 
——|———_ |_| Compres- | Modulus* Com- 
Ratio of t sive of elas- i- Ultimate putedt 
rein- Yield strength | ticity of | bending |maximum| Mode of 
force- | strength, jof concrete} concrete moment, steel failure 
of bars | ment, psi fe’, psi Jey psi | in.-lb stress, psi 
percent ; 
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247 1.53 3450 Yield of re- 
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*H- is the value given by slope of secant drawn through point correspondi tress f 
+The steel stresses were computed by formulae Sused oa ihe sire ht very esr “~ 
orn: Beam A-15 was 6 x 15 in. in cross section, had a span of 9 ft, and was loaded at quarter points. 


ay B-18 through E-18 were 8 x 18 in. in cross section, had a span of 6 ft, and were loaded at third 
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All gages placed on the concrete and the reinforcing bars were bonded wire 


resistance strain gages. Gages were placed on both sides of the concrete 


beams in order to obtain the average values of strain in the concrete. Bonded 
wire gages, suitably waterproofed, were also placed in pairs on the reinforcing 
bars. 

Note in Fig. 1 that Beam A-15 had an overhang of 12 in. and the other 
beams had an overhang of 18 in. This long overhang was provided instead of 
the usual short overhang needed for suitable anchorage since it was observed 
in previous tests that beams with short overhang gave more erratic results. 


Materials 


Beam A-15 was made with Type III cement and was tested at the age of 8 
days. All the other beams were made with Type I cement and were tested at 
28 days. The proportions of the concrete in Beam A-15 were 1:3.2:4.4, 


BEAMS B-I8 THROUGH E-I8 


Fig. 1—Details of beams, testing arrangement, and location of strain gages. Gages on 


ot concrete and steel are represented by dashes and crosses, respectively 
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Fig. 2—Location of gages (by number) on opposite faces of Beam A-15 in relation to 
principal diagonal tension cracks. Circled numbers indicate load in thousands of 
pounds at which the extent of the cracks was observed 


while for the other beams the proportions were 1:3.2:4.1, by weight; the 
maximum size of the aggregate was 1 in. All beams were cast in steel forms 
and the concrete was consolidated in the forms by means of an internal vi- 
brator. The beams were moist cured in a fog room and were moved from the 
fog room to the laboratory 2 days before testing. The compressive strength 
of the concrete was determined with three 6 x 12-in. cylinders for each beam 
tested and the results of the compressive strength tests are given in Table 1. 

All beams were reinforced with deformed reinforcing bars which met the 
requirements of ASTM A 305-53T for deformations. Adequate anchorage 
was provided by both embedment in the overhanging portion of the beam 
and anchorage plates welded to the end of the bars as shown in Fig. 1. 


TEST RESULTS 


Strain distribution in concrete within the shear span 

Beam A-15 which was loaded at quarter points carried a maximum load of 
60,000 Ib. Although this beam failed by yielding of reinforcement accom- 
panied by compressive failure of concrete, the diagonal tension cracks prog- 
ressed sufficiently far into the compression zone of the beam to produce a 
strain distribution similar to that observed in Beams B-18 through E-18 
which failed in shear. ’ : 


The locations of the strain gages on the concrete as well as the strain gages 
attached to the reinforcing bars are shown in Fig. 1; the location of the gages 
on concrete in relation to the pattern of cracks within the shear span of the 
beam is shown in Fig. 2. 

The distribution of compressive strain in the concrete at one end of the 
beam is shown in Fig. 3. The strain was measured as Sections I, II, and III 
of the shear span at distances of 9, 13.75 and 18.5 in., respectively, from the 
support. Gages were placed on both sides of the beam and the strains shown 
in all the graphs are the average values. At Section I the strain measured 
at the compressive face (y = 0) increased with load up to about 20,000 lb, at 
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BEAM D-I8-| —-— 
o-18-2 —— 


APPLIED LOAD, 


“O ° o 0 9 —_——_—_—_> 
STRAIN IN CONCRETE COMPRESSIVE 


Fig. 5—Variation of strain in concrete with load in Beams D-18-1 and D-18-2 


which load the principal diagonal tension cracks extended well above the 
level of reinforcement. From this point on, the compressive strain at the com- 
pressive face began to decrease and finally became a small tensile strain. The 
strain at the compressive face of Section III also followed this pattern. How- 
ever, the strain ceased to increase with the load at about 30,000 lb but the 
strain remained compressive and approached zero as the load approached the 
maximum. The strain in the compression face at Section II was not observed. 

At all three sections, the maximum compressive strain determined was at 
points some distance below the compressive face. At Sections I and II, this 
distance was 6 in. and at Section III the maximum strain determined was at a 
distance of 3 in. below the compressive face of the beam or about 1.5 in. 
above the nearest diagonal tension crack. It is noted that at Section I the 
compressive strains were greater at distances of 6 and 9 in, from the top of 
the beam than at the compressive face and at a distance 3 in. below it during 
the greater part of the load range. 

Two of the curves for Section III in Fig. 3 are given for strains at points 
situated below the upper diagonal tension crack. The strain at these two 
points indicated that the portion of the concrete between the two major 
diagonal cracks resisted compression up to the maximum load at which 
measurements were made, 

The distribution of compressive strain at Sections I and III is shown in 
Fig. 4. The strain distribution was essentially linear up to a load of about 
20,000 Ib. The diagonal tension cracks extended well above the midplane of 
the beam in the load range of 20,000 to 25,000 lb. The redistribution of com- 
pressive strain occurring at Sections I and III within this load range coincided 
with the sharply increased steel strain observed at Section I. After the 
diagonal tension cracks extended well up into the compressive zone of the 
beam at loads of about 35,000 to 40,000 Ib, the location of the maximum 
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value of compressive strain shifted downward. At Section I the peak value of 
compressive strain occurred at about the midplane of the beam, while at 
Section III the maximum strain occurred at a point 3 in. below the com- 
pressive face and about 1.5 in. above the diagonal tension crack. The data 
in Fig. 4 show that concrete below the principal diagonal tension crack re- 
sisted compression up to the maximum load at which observations were made. 


The variation of strain in the concrete with load is shown for two beams 
of the second type (Beams D-18-1 and D-18-2) in Fig. 5. The variation of 
strain in the concrete with load shown in Fig. 5 was typical of all beams in 
which concrete strain was measured (Beams B-18 through E-18). These 
beams contained varying amounts of reinforcement ranging from 0.75 to 
3.05 percent and were tested in duplicate. All the beams of this type failed 
by shear at steel stresses ranging from 32,000 to 88,000 psi. The maximum 
steel stresses computed by the straight line theory are given in Table 1. 


The location of the strain gages on the concrete is shown in Fig. 5 for easy 


reference, It will be noted that the strains recorded by Gages A and B are 


nearly the same until a diagonal tension crack forms. After the formation 
of a crack, the Strain determined with Gage B continued to increase at a re- 
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STRAIN IN STEEL 


n. from the support and at midspan in Beams B-18 


Fig. 6—Strain in steel at a section 3i 
oe ig through E-18 
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duced rate or remained substantially 
constant following a sharp break in 
the load-strain curve. These alternate 
actions were displayed by the per- 
formance of Beams B-18-1 and B-18- 
2. In the case of beams D-18-1 and 
D-18-2 the strain at B decreased 
rapidly following a load range at 
which the strain was fairly constant; 
in one of these beams the strain ap- 
proached zero while in the companion 
beam the strain indicated a slight ten- 
sion. Gages E which were 3 in. below 
Gages B exhibited consistent behavior. 
igh? Freetbody. iinprcntiofldiiseunl The compressive strain at E increased 
following formation of a diagonal tension With applied load up to its maximum 
crack except for a slight irregularity at the 

load at which diagonal tension cracks 

extended into the compressive zone and approached Gage B. The strain gages 
at C and D locations indicated with one exception either a fairly constant 
compressive strain following the formation of a diagonal tension crack, or a 


compressive strain which decreased and became tensile near the maximum 
load. 


Strain in the reinforcement within the shear span 
Bonded wire strain gages were placed at various sections of the beam speci- 
mens as shown in Fig. 1. The variation of the strains in the steel with load at 
selected sections within the shear spans and at midspan is shown in Fig. 6. 
It can be seen in this graph that the strain in the reinforcement near the 
support was quite small until the diagonal tension crack extended into the 
compressive zone of the beam. After the crack formed, the strain increased 


rapidly and in general approached the value of strain measured at the center 
of the span. 


Shear transfer by longitudinal reinforcement 


By measuring the stress in the longitudinal reinforcement at a section near 
the point of intersection of the reinforcement and the diagonal tension crack, 
it is possible to estimate the vertical shear transferred by the reinforcement 
across the crack by dowel action. -The shear was computed by considering 
the equilibrium of forces acting on the portion of the beam illustrated in Fig. 7 
as a free body. 

It-was assumed that the compressive force C is applied at the midpoint 
of the depth of the compressive zone (Point O) and that the tensile force 7 at 
O’ is that determined with the strain gages which may be some distance from 
O’. The assumption regarding the value of 7 is tantamount to an assumption 
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that the bond stress between the gage and the crack is negligible. Taking 
moments about O yields 


“Wee Ly 


x 


a 


where the values of c, x, and y are determined from the plot of the crack 
pattern. 


It is obvious that in order for the free body diagram to be valid, the crack 
must cross Section a-a, Fig. 7. Section a-a was chosen as shown in order to 
minimize the uncertainty in the assumed position of the compressive force 
6 

The relationship between the shear transferred by dowel action and the 
total shear in the beam is illustrated in Fig. 8 for all beams in this study for 
which the crack pattern and data on strain in steel were available. In all 
cases the transferred shear developed its maximum value at the load for 
which the diagonal tension crack first approached the section at the applied 
load. Beyond this load, the transferred shear decreased rapidly. In general, 
the initial value of transferred shear was greater for beams containing larger 
diameter bars and larger percentages of reinforcement. The ratio of the 
maximum transferred shear to the total shear in the beams ranged from 0.38 
to 0.74 at loads ranging from 0.42 to 0.46 of the maximum. 


Bending within the shear span following 
formation of diagonal tension crack 

The measurement of strain distribution in the “‘compressive” zone of the 
concrete indicated that following formation of a diagonal tension crack the 
beam no longer acts as a structural member in which a plane section remains 
plane. The fact that the strain at the compressive face of the beam dimin- 
ished with increasing load and at times even became a tensile strain suggested 
that the compressive face of the beam must reverse its curvature and become 
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Fig. 8—Shear transferred by 
longitudinal reinforcement. 
The shear transferred by the 
tensile reinforcement across a 
diagonal crack in a beam was 
estimated by means of the 
equation 
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derived from the conditions of rT) 
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21" Fig. 9—Schematic drawing 
showing measurement of dis- 
placements of the tensile and 
compressive faces of beam 
within the shear span with 
respect to frame of reference 
supported at Sections A and 
B. Numbered circles indicate 
micrometer dial gages 


concave toward the midplane of the beam during the stage of the test corre- 
sponding to propagation of the diagonal tension cracks into the compressive 
zone. In order to check this hypothesis, measurements were made to de- 
termine the displacements of the tensile and compressive faces of the beam 
with respect to a plane of reference indicated in Fig. 9. The results of the 
measurements are shown in Fig. 10 for two typical beams. It is obvious that 
the portion of the beam above the diagonal tension crack becomes subject to 
bending in a manner which causes it to have a curved surface concave toward 
the midplane of the beam. This occurs abruptly at the load which causes the 
diagonal tension crack to extend up into the compressive zone of the concrete. 
Comparison of the load-strain curves in Fig. 6 and the load-displacement 
curves in Fig. 10 shows that the abrupt change in the profiles of the com- 
pressive and tensile faces of the beams corresponds to the sharp increase in 
the stress in the reinforcing bars at the section 3 in. from the support. 


SUMMARY OF RESULTS 


The results showed that the beams containing no web reinforcement under- 
go an abrupt change in the deformations and stresses following the formation 
of a diagonal tension crack. It is noted that the test specimens in this study 
had ratios of longitudinal reinforcement ranging from 0.75 to 3.05 percent 
and that the ratios of the shear span to depth of beam were small (2.06 for 
Beam A-15 and 1.51 for the other beams). While this ratio of shear span to 
depth is smaller than that normally used in shear tests, it was selected in the 
belief that the phenomenon of redistribution of stress and deformation could 
be thus more clearly demonstrated. The following phenomena were observed 
in the shear spans of beam specimens at loads exceeding those causing major 
diagonal cracks: 


1. A plane section remained plane until the formation of a diagonal crack. 
Beyond this point, the maximum compressive strain occurred at points some 


distance below the compressive face and, in general, the strain at the ex- 
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treme fiber of the compressive zone began to decrease and finally became a 
small tensile strain. 

The concrete below the diagonal cracks continued to resist appreciable 
compressive stresses up to the maximum load at which measurements were 
made. 


2. The strain in the reinforcement near the support increased abruptly 
following formation of a diagonal crack and approached in value the strain at 
midspan of the beam. 


3. Following the complete development of a diagonal tension crack it is 
possible to determine the magnitude of vertical shear transferred by the 
longitudinal reinforcement across the crack from the measured strain in the 
reinforcement and the crack pattern in the shear span. The vertical shear 
transferred by the reinforcement ranged from 0.38 to 0.74 of the total shear 
at loads ranging from 0.42 to 0.46 of the maximum. The value of the trans- 
ferred shear decreased continuously with load as the crack extended past the 
load point. 


4. Following formation of a diagonal crack, the upper portion of the beam 
within the shear span became subject to bending which caused it to develop a 
curved surface concave toward the midplane. The abrupt change in the pro- 
file of the compressive face of the beam corresponds to the sharp increase in 
the strain in the reinforcement near the support. 
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Title No. 55-47 should be of great value in the de- 
sign of concrete strip footings. A set of influence lines 
is presented for pressure distribution under a finite 
beam on elastic foundation. Values of the dimension- 
less parameter have been selected to cover most of the 
practical cases. Experiment indicates that influence 
lines for a parameter of 0.0001 may be used for in- 
finitely stiff footings. 


Influence Lines for Pressure 
Distribution Under a Finite 
Beam on Elastic Foundation 


By K. C. Ray 


Turs PROBLEM has been solved by different authorities in different 
ways; e.g., Heteyni attempted to solve it analytically. But his solution is not 
readily usable by structural designers, since it involves working out a long 
expression with hyperbolic functions. His solution is for a single concen- 
trated load which is seldom encountered in practice on a long beam. Although 
it can be extended to several loads the calculations involved makes the solu- 
tion absolutely discouraging to a practical designer. However, Baker’s 
approach to solution of such a beam is more rational with respect to design 
offices. His method of successive considerations is unique, but the last lap 
of assumption where subgrade modulus is introduced to calculate deflections 
of the beam may lead to considerable inconsistencies in results. In this paper 
an attempt has been made to solve the problem completely and present a set 
of ready made tables for drawing office use. 


DEVELOPMENT OF TABLES 


Fundamental formula for flexure of the beam AB resting on elastic foun- 
dation subjected to a load P (Fig. 1) is given by the differential equation 


i titute Mar. 25, 1958. Title No. 55-47 is a part of copyrighted JOURNAL OF THE AMERICAN 
ee ie V 30, No. 6, Dec. 1958 (Proceedings V. 55). Separate prints are available at 50 cents each. 
Discussion (copies in triplicate) should reach the Institute not later than Mar. 1, 1959. Address P. O. Box 4754, 
h * 
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Fig. 1—Beam resting on elastic foundation under action of load 


where 
E = Young’s modulus of the material of the beam 
I = moment of inertia of the beam 
q = load intensity on the beam acting downward 


K = subgrade modulus, expressed as intensity per linear unit of deflection of soil or beam 


(beam remains in contact with soil) 
= deflection of the beam 


; breadth of the beam 


Value of g in above expression is zero at all points excepting the position 


where P acts as a concentrated load. 


The expression Kw represents a state of dense liquid subgrade which is 
rational and has been accepted by most authorities; Westergaard* also ac- 
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partment of the State of West 
Bengal, India. in Calcutta. De- 
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the problem of plates. Last year 
he received the Indian Road 
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per of the year for a study of in- 
fluence fields of reinforced slabs 
of various spans with two free 
edges. 


into 20 parts, hence 20 X 20 X 3 = 


cepted this in his notable paper on 
pavement design. 

The classical solution of Eq. a) 
for w which leads to the solution 
of M, and S, has been obtained by 
Heteynif but a numerical solution 
based on the method of finite dif- 
ference is suggested in this paper. 

In order to find out influence 
lines for deflection (which is di- 
rectly proportional to subgrade 
pressure Kw) moments, and shears, 
some convenient position must be 
selected for loading. This involves 
placing the load successively over 
the positions and working out the 
values of moments, shears, and 


deflections at all points for each position of load. The beam is divided 
1200 values for above expressions need 


to be calculated (3 is taken as representing bending moment, shear, and de- 


flection). 


If however it is decided to work out ten standard sizes of beam, 
the above number would mount up to 1200 x 10 = 


12,000 times. The 


enormity of the problem can well be realized by simply looking at the ex- 


pressions. 


*Westergaard, H. M., 
No. 2, 1926, 25-35. 
+Heteyni, NR. 


“Stresses in Concrete Pavements Computed by Theoretical Analysis,"" Public Roads, V. 7, 
+, Beams on Elastic Foundation, Univ ersity of Michigan Press, Ann Arbor, 1946, pp. 54-55. 
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Fig. 2—Beam divided into 20 equal parts 


t..-! 


On the other hand however, if a numerical solution is achieved, this will 
lead to much quicker results, but with a slight degree of approximation. This 
approximation would be negligible in view of all the uncertainties of the 
problem and assumptions. Considering above facts, this numerical solution 
of the problem has been attempted and presented here. 


Referring back to the differential equation (1) for flexure, difference equation 
corresponding to above differential equation is 


i) Kb Qn b 
3t Wrt2 — 4 Wn-+1 ar 6 Wn — A Wn=1 + Wn—2 ae 


or 
Kb 64 
EI 


Wnt2 — 4 Wn+1 + Wn (« at ) — 4 Wri + Wn-2 = 


where S, = load per unit length of the beam at the point considered. 


A point load P may be assumed to distribute over the finite interval 6, 
which means S, = P/6, or in the final form the equation can be written as 


above. 

Eq. (2) can now be applied to a finite beam having a practical value for the 
interval 6. Accordingly the beam has been divided into 20 equal parts as 
shown in Fig. 2 and Eq. (2) has been applied to satisfy all the sections. It 
may be observed that for the end sections (Sections 1 and 22), as per differ- 
ence equations it was necessary to solve for deflections for two imaginary in- 


“tervals (e.g. — 1 and —2 and —20 and —21). This introduced 24 unknowns 


in the problem for a single load position. Applying the equations over 20 
divisions, 20 simultaneous equations were obtained, insufficient to solve for 24 
unknowns. However, four other equations were obtained from the two 
boundaries, where bending moment and shear forces are zero. 
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The difference equations for the boundaries where bending moment and 
shear force are zero are expressed as 


Wi — We. — Ws + Wy aw 
sndi ont = ———————_ = E fe | eras (3) 
Bending momen re oe wae 
—3u.2+3u; —w dw 
Shear force = = # : * = EI mh ok wae (4) 
63 d,8 1,-—1 


Thus Eq. (2), (3), and (4) offer a complete solution of the problem. But the 
coefficient of w, contains a term Kbé*/EI which describes the entire property 
of foundation and the beam. If however values for this can be selected to 
cover the practical ranges, the solution may form a standard for the practical 
designer. This has been done. Actually cases with values for Kbé*/#I such 
as 0.001, 0.01, 0.1, 0.2, 0.4 were worked out in detail, and the rest shown in the 
tables were arrived at by linear interpolation with subsequent graphical cor- 
rections. 


INFLUENCE LINE TABLES 


Tables 1-11 indicate the influence line for deflections of a finite beam on 
elastic foundation. The parameter Kbé*/EZJ = m is dimensionless. The 
pressure influence line ordinates are found by multiplying the deflection 
ordinates by K, the subgrade modulus. Confusion may arise for values of 
negative deflection, which indicate that the beam is lifted from the subgrade. 
This will actually occur in case of heavy loading at scattered individual points 
on a long beam. In such a case the effective length while calculating the param- 
eter m should be readjusted to the length in contact to solve the problem 
afresh. However in actual practice such a situation is seldom encountered. An 
example below illustrates the use of the tables. 


Influence line tables for shear force and bending moment have also been 
worked out, and were published in the Journal of the Institute of Engineers 
(India), V. 38, No. 2, Part I, October 1957.* 


Example 


A reinforced concrete foundation beam of dimensions shown in Fig. 3 is subjected to the 
loading indicated therein. Find the pressure distribution under the beam, also bending mo- 
ment and shear diagrams. Neglect the dead weight of the beam. K = 100lb per cu in. and 
E = 3 X 10° psi. 

To determine the value of the parameter m, full concrete section without reinforcement is 
considered only. However the section with a selected percentage of steel may also be cal- 
culated. For simplicity of calculation the former consideration is made here. 


Be 4 xX 1 + 1° (2.5 — 1.0) 


a(25xX1+¢1x3) Teh 


Text continued on p. 789 


*Copies of these tables, 11 for bending mo: t and 11 for shear, i i 
iy ga leg cpaptoger ete oo yon 4 men’ or shear, are available in complete sets only at $4.50 per 
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TABULATED VALUES FOR INFLUENCE LINES FOR PRESSURE 
| = moment of inertia of beam 
E = Young's modulus of material of beam 
K = subgrade modulus 
b = breadth of beam in contact with soil 
L = length of beam 
Kb /L \4 
m =e — 
EI \ 20 
Pressure = ordinate X K X load X (L/20)* X 1/EI 
as 20 d=, 
2 i ek] agit hee 
(Pe a 
ee AF 
ate ie te 
| 
ZENON MEZ eS 45 Gti Se tO i238 AIF 67 16 19 20 2122-21 -20 
TABLE 1—INFLUENCE LINES FOR PRESSURE, SECTION 1 
; : For value of m 
Point 
9.0001 | 0.001 | 0,005 | 0.01 | 0.05 | -O-f0 | 0.20 |.0.80.| 0.40 0.50 
i) 271.0448| 245.2981| 142.3112] 40.1948] 23.3918] 6.5877) 3.7812) 2.9707 2.1613| 1.3526 
1 355.4701| 231.0763| 133.5014] 36.1964] 20.8132] 5.5307) 3.0902) 2.3510 1.7100] 1.0112 
2 2 e558 202.6268) 115,1212| 28.1995| 15.7291| 3.4167) 1.7082) 1.2643) 0.8212 0.3824 
3 154 3044| 174,9464| 97.5143| 20.8407| 11.0123) 1.7495) 0.7082) 0.4783 0.2484] 0.0183 
4 165.5029| 148,6029| 81.0243| 14.4759] 7.5210| 0.6346) 0.1305) 0.0556 —0.0209| —0.0976 
5 138.4553| 123.9869| 66.1133| 9.2529] 4.6265] 0.0021) —0.1262) —0.1122 —0.0986| —0.3081 
6 113.3742] 101.3422| 53.2121| 5.1745] 2.2213] —0.2810| —0. 1894) —0. 1384 —0.0880| —0.3142 
7 90.6037| 80.7877| 41.5224| 2.1510} 0.9015| —0.3481|—0. 1612/—0.1073 —0.0534| —0.2141 
8 70.1516| 62.3416| 31.1005| 0.0412|—0.1317| —0.3045| —0.1058/ —0. 0647 —0.0235|—0.1117 
9 77 -7609| 45.9409| 22.6614] —1.3179| —0. 7624] —0.2207| —0.0555) —0.0305 —0.0057| —0.0409 
10 251637| 31,4603| 14.4137| —2.0897| —1.1131}—0. 1365) —0.0209) —0.0115 0.0019] 0.0153 
11 38-3585] 25.1175} 10.2725| —2.2569| —1. 1800] —0.1032| —0.0114) —0.0043 0.0028] 0.0099 
12 28 .eia3| 18.7748|  8.1016|—2.4241| —1.2511| —0.0700| —0.0019) 0.0000 0.0037| 0.0065 
13 5° 8706| 7.5879|  2.4213| —2.4505| —1.2379| 0.0254) 0.0059) 0.0nA8 0.0029] 0.0014 
14 — 9°9776|— 2.2746] — 2.2614] —2.2738|—1.1369| 0 0.0072] 0.0042] 0.0016| —0.0010 
15 = 15°1911| —11.0412| — 6.4413] —1.9746| —0.9322) 0.0114) 0.0058 0.0032] 0.0006) —0.0020 
16 51 0445| 18.9301] —10,5176| —1.6105| —0.8032) 0.0143) 0.0036 0.0018] 0.0001) —0.0016 
17 $9 3130| —26.1829| 13.6624] —1.2195| —0.6046) 0.0126) 0.0018 0.0008] —0.0001| —0.0010 
18 — 37 0061| —32.9694| —16.8227| —0.8237|—0.4073| 0.0091} 0.0006 0.0002] —0.0001| —0.0004 
19 ~ 44 4785| —39.4685| 19.4174] —0.4325|—0.2156] 0.0053) 0 0 |—0.0001| —0.0002 
20 50 3414| —45.8180| —22.7243| —0.0476| 0.0234) 0.0017 —0.0004}—0.0003|—0.0001} 0.0001 
21 738'6625| —52.1155|—25.9276| 0.3340] 0.1666) —0.0017 —0.0006|—0.0003] 0 0.0003 
moe, = 2. 2043| 53. 2643|—27.5115| 0.5248|  0.2607/ —0.0034 0.0007] —0.0004) 0 0.0004. 
Area 55.8133 50.1030 27.4734 5.0166 2.7296 _0.5037 6.2521 0.1876 0.1269 0.0382 
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TABLE 2—INFLUENCE LINES FOR PRESSURE, SECTION 2 


For value of m 


Point 


=—E—e * 
CK SCCAONSoCS ewe oS 


Sookie oS 


coon 


CONOUHWONRE OS 


57.2700 50.0635 27.4626 5.0096 2.7774 0.5022 -2514 0.1862 0.1260 0.0511 


TABLE 3—INFLUENCE LINES FOR PRESSURE, SECTION 3 


For value of m 


0.0001 0.001 0.005 0.01 0.05 0.10 


202.8603) .182.5937) 101.5273) 21.7672) 11.5623) 1 

194.3479) 174.9479) 97.4126) 20.8406) 11.0451) 1 

177.2653) 159.6563) 89.2213) 18.9884! 10.5114) 2. 
160.1348) 144.1901) 80,4113) 16. 9278) 9.5221] 2.2339 

F A 1 

1 


107.7570} 96.6970 52.4662) 8.6929] 4.7010) 0.7430 


~44'3791| —3914791| —20:0142| —0.4324| 0.2104! 0:0053 
—48 , 2379] —42:8939| —21.5176| —0.3703| —0:1828| 0.0055 


55.6948 50.0468 27.4289 4.9965 2.7291 0.4977 0.2482 0.1893 0.1233 0.0333 


TABLE 4—INFLUENCE LINES FOR PRESSURE, SECTION 4 


For value of m 


SSS, SS SS < | neers 


0.0001 0.001 0.005 0.01 0.05 0.10 0.20 0.30 0.40 
171.0648) 153.6648) 84.0021] 14.4936] 7.3926 a 3136| —0.1000| —0. 1352) —0. 

165.4047] 148.6047) 81.5013] 14.4759] 7.5126] 0.6346] 0.1305 0.0548 =0:0508 . 
154.6845) 138.4845) 76.1396] 14.4405] 7.7993) 1.2644 ak 0.4308} 0.2701) 0.1093 


42.7850| 38.2450! 20:0511| 1.8525| 0:8843|—0/0725| —0:0484| —0.033 yor 


| 
4 
; 
: 
| 
| 
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TABLE 4 (cont.)—INFLUENCE LINES FOR PRESSURE, SECTION 4 
For value of m 
Point 
0.0001 | 0.001 0.005 0.01 0.05 0.10 0.20 0.30 0.40 0.50 
13 32.1841| 28.7241] 14.8765] 0.9565} 0.4350| —0.0855] —0.0365| —0.0225] —0.0088] 0.0079 
14 22.2731) 19.7831} 10.0010] 0.2958| 0.1156] —0.0733| —0.0218| —0.0123|—0.0027| 0.0069 
15 12.8280) 11.3641} 5.5443] —0.1606| —0. 1055] —0.0526] —0.0102|—0.0051| 0.0001) 0.0053 
16 3.8659|  3.3852|  1.4622| —0.4567| —0.2452| —0.0324| —0.0029|—0.0009| 0.0010) 0.0029 
17 — 4.7212|— 4.2405|— 2.3176] —0.6349| —0.3249| 0.0165] 0.0007} 0.0008) 0.0009) 0.0010 
18 —12_9777| —11.6077| — 6.1004] —0.7329| —0.3687| —0.0057| 0.0019} 0.0012} 0.0006] 0.0000 
19 —21_1025| —18.8055|— 9.6153} —0.7820| —0.3901| 0.0012] 0.0018] 0.0010] 0.0003] —0.0004 
20 —29_0817| —25.9116| —13.2215| —0.8070| —0.4007| 0.0056) 0.0013} 0.0006) 0.0000) —0.0006 
21 —37_1307| —32.9848| —16.4013| —0.8236| —0.4072| 0.0092] 0.0006] 0.0003] —0.0001) —0.0005 
22 —41_0305| —36 .5216| —18.5192| —0.8319| —0.4104| 0.0110) 0.0003] 0.0001/—0.0001/ —0.0003 
Area 54.3947 50.0365 27.4273 5.0006 2.7138 0.4996 0.2500 0.1873 0.1253 0.0665 
: TABLE 5—INFLUENCE LINES FOR PRESSURE, SECTION 5 i 
a For value of m 
Point 
Z : 0.0001 | 0.001 0.005 0.01 0.05 0.10 0.20 0.30 0.40 0.50 
; 0 141.6823] 126.8923] 67.7172| 8.6972) 4.1519] 0.3133] —0.3110| —0. 2495) —0.1887| —0.1279 
: 1 138.8895| 123.9895} 66.4416] 9.2588] 4.6322] 0.0021|—0.1262|—0.1124| —0.0986) —0.0848 
5 2 131.6439| 118.1839] 64.3157| 10.3821| 5.4923] 0.6329] 0.2434| 0.1621) 0.0816) 0.0011 
2 3 12418666] 112.2544] 61.8055) 11.4189] 6.3210) 1.2636] 0.6383) 0.4694) 0.3011) 0.1328 
z 4 117.6996] 105.9596] 59.0011] 12.1667| 6.9826) 1.8305} 1.0350) 0.8012| 0.5669) 0.3326 
5 109.8046] 98.9446] 55.5135| 12.3152) 7.2114] 2.1438] 1.2824) 1.0256) 0.7654) 0.5052 
; 6 100.6498] 90.7498] 51.1516] 11.4321| 6.6235] 1.8306) 1.0225) 0.7893} 0.5559) 0.3227 
; 7 90.8184| 81.8178] 45.8153) 9.9620] 5.5718] 1.3037} 0.6406] 0.4655} 0.2921) 0.1186 
4 8 80.5377| 72.4927| 40.3115) 8.2352) 4.4977| 0.7926] 0.3176) 0.2112) 0.1049) —0.0014 
ie 9 70.1343] 63.0491| 34.7084) 6.4826) 3.5105) 0.3966) 0.1065] 0.0571} 0.0084] —0.0403 
% 10 59.8228] 53.6808| 29.1099] 4.8524) 2.5219] 0.1357| —0.0036| —0.0141| —0.0250) —0.0363 
11 54.7816| 49.1146] 26.4456; 4.1402| 2.1007] 0.0630/—0.0241|—0.0253| —0.0258| —0.0361 
: 12 49.6855| 44.5485) 24.0016) 3.4281] 1.7015] —0.0097| —0.0446] —0.0355| —0.0267| —0.0177 
13 3988371 35.6737| 18.8229] 2.2448] 1.0695] —0.0728] —0.0480) —0.0325| —0.0177| —0.0229 
14 30.3676| 27.1206; 14.1317| 1.3032] 0.6140] —0.0859| —0.0360| —0.0224| —0.0086| 0.0052 
a 15 51.1894) 18.8900] 9.6925} 0.5816] 0.2546] —0.0739| —0.0215| —0.0121|—0.0026) 0.0069 
16 72°3099| 10.9499] 5.5113| 0.0451] —0.0494| —0.0533| —0.0100) —0.0049 0.0002) 0.0053 
17 3°7084|  3.2578| 1.4556| 0.3466] —0.1951| —0.0329| —0.0029]) —0.0009) 0.0010) 0.0029 
4 18 — 4°6968|— 412455|— 2.4401| —0.6349| —0.3205| —0.0165| 0.0007; 0.0008) 0.0009) 0.0010 
; 19 — 12/9748] —11.6208| — 6.2056] —0.8570| —0. 4330] —0.0044) 0.0019} 0.0013} 0.0006/—0.0001 
20 — 911425] -18.9251| —10.0553| —1.0443| —0.5196| 0.0047/ 0.0021} 0.0012) 0.0002) —0.0006 
¥ 21 99 3242] —26.2032| —13.7116| —1.2195 =0.6010 0.0126 0.0018 0.0009 0.0004 9.0007 
3 22 —33 4219] —29.8418] —15.5214| —1.3071]—0.6451| 0. ‘ k F =0: 
Area 55.6773 50.0241 26.8024 5.0072 2.7410 0.4976 0.2481 0.1859 0.1235 __ 0.0612 
s TABLE 6—INFLUENCE LINES FOR PRESSURE, SECTION 6 ; 
: For value of m 
gZ Sp 0.0001 | 0.001 0.005 0.01 0.05 0.10 0.20 0.30 0.40 0.50 
. cdl 8 E = = = —0.0219 
| "7978| 102.4818] 53.2124) 4.2819} 1.9496] —0.3130| —0.3057| —0. 2111) —0.0165| —0.0 
4 113.4055 101.3455| 53.1876| 5.1744| 2.4517| —0.2810| —0.1894/ —0.1347| —0.0800 59:0254 
f 2 110.5587| 99.0728| 53.1289] 6.9595| 3.5016] 0.2169) 0.0432) 0.1811) —0.0070) —0.1 
5; 3 107.7089] 96.6989| 52.6471| 8.6929| 4.6504] 0.7430) 0.3136, 0.2114) 0.1092 9.0070 
a 4 104.4980 94.0240| 52.1244] 10.2531] 5.7071) 1.3035} 0.6512) 0.4750 0.2088 0. 1226 
5 100.3747| 90.7505| 51.0536| 11.4321) 6.6011) 1.8307) 1.0225) 0.7892 0.5559 0.3351 
ee eee etree ec meee 
4 7 89.4129] 80.7566] 46.131 ; ; : : Besa ceo eo 
a "9813| 73.9813| 41.9876| 9.9964 5.5876] 1.2846) 0.6301) 0.4605) 0. i 
Rh | BS) esis ai SRS Lai) ee] Sita) aoe) 8:onn| 2am 
: 10 65.2027| 58.6487} 32.43 6 : : pT eee 0, 
11 60.7301; 54.6241; 30.2011} 5.8971] 3.0514) 0.2595/ 0. : —0. = 0.0364 
‘< 3| 916098) 0.1311| —0.0038] —0.0142| —0.0246] —0. 
‘ 12 56.3356] 50.5996) 27.6519) 5.095 : zs apie 
; —0.0117| —0.0441| —0.0352| —0.0264| —0.0176 
13 47.2771| 42.4771| 23.1256] 3.6668} 1.8204] —O. A = me = 00027 
; 05| —0.0734| —0.0473| —0.0325| —0.0176) —0. 
14 38.4376| 34.4076] 18.2906] 2.4544) 1.19 os a Rees) 
—0 0860] —0.0355| —0.0220} —0.0085| 0. 
; 15 99°5969| 26.4519| 13.8704| 1.4626) 0.6972|—0. Fe eee y oonel? 0. 0068 
: 0.6711) 0.3040| —0.0740| —0.0213| —0.01 . : 
E ao 20 BE 70 OOo eato| 0.0040] —0.0533| —0.0100| —0.0050} 0.0002} 0.0054 
a 17 1273232| 10.9452) 5.4419] _0.0451| 0.0040 —0.0533/—0.O100) —O nn) Oo10] 0,029 
% 18 3°8612| 3.3755; 1.4326] —0.4567| —0. 2445 =9.0324) —0.0029| = 0.009) 0000) 0.0008 
¥ 19 — 4°5121|— 4.1101|— 2.5001] —0.8764) —0.4451| —0. Be i a a 
/ = 12515) —0.6261| 0.0007} 0.0026] 0.0016) 0. 
; nt? eS ee 10 e2tdl — 1. 0:7980| 0,0143| 0.0036} 0.0018] © 0.0001] —0.0016 
- 21 —21 0495| —18.9639| —10.6214| —1.6104) —0. ‘ : SO epi b. bor 
i 22 55 3126 —22.6726| —12.1216| —1.7906| —0.8852) 0.0211 0.0041; 0.00 
4 6395 50.0178 27.4832 4.8267 2.7249 0.5073 __0.2505 0.1992 0.1264 0.0742 


\ 
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TABLE 7—INFLUENCE LINES FOR PRESSURE, SECTION 7 


Point 


CONAN HK OS 


10 


For value of m 


0.001 | 0.005 | 0.01 | 0.05 | 0.10 | 0.20 | 0.30 | 0.40 | 0.50 
80.5117/  40.8110| 1.1190! 0.3130| —0.5147| —0.2192) —0.1415| —0.0643, 0.0129 
80.7918] 41.4868] 2.1510! 0.9056 —0.3481| —0.1612| —0.1063| —0.0534| —0.0005 
81.3516 42.7176] 4.2153| 2.1007| —0.0149| —0.0452| —0.0386| —0.0325| —0.0264 
81.8306) 44.0102| 6.2182) 3.2754) 0.3532| 0.1029 0.0558} 0.0098) —0.0356 
82.0673 45.1315] 8.2157| 4.4916| 0.7924] 0.3247| 0.2162| 0.1078 —0.0006 
81.8173} 45.8056! 9.9620] 5.6055) 1.3037| 0.6406) 0.4662) 0.2921| 0.1180 
80.7550} 46,0056 11.2884| 6. 1. 1.0065, 0.7782! 0. 0.3221 
78.4752) 45.1730| 11.8870] 7.4176, 2.0991| 1.2500) 1.0009} 0.7519| 0.5029 
74.4817| 42.9090) 11.3368] 6.5499, 1.7851; 0.9976] 0.7726] 0.5484, 0.3242 
69.2154) 39.6480) 10.0982; 5.6626, 1.2674) 0.6254) 0.4571| 0.2891| 0.1232 
63.0322} 35.5012) 8.5178] 4.6339] 0.7680} 0.3104) 0.2075| 0.1044) 0.0016 
59.6360} 33.1011| 7.6797| 4.1274] 0.5751| 0.2073) 0.1320} 0.0567| 0.0186 
36.2398] 31.5006] 6.8417) 3.6120) 0.3822) 0.1043) 0.0566| 0.0089 —0.0388 
49.0263, 27.1215] 5.2306 2.7712| 0.1281| —0.0033| —0.0138| —0.0244| —0.0350 
41.5802} 22.7243 3.7767] 1.8809| —0.0124| —0.0436| —0.0351| —0.0263| —0.0175 
34.0304 18.2513| 2.5199] 1.2212|—0.0735| 0.0470) —0.0324| —0.0175| —0.0026 
26.4457| 13.8991| 1.4626] 0.6883] —0.0860| —0.0355| —0.0220|—0.0085| 0.0050 
18.8793] 9.7008} 0.5816 0.2538) 0.0739 —0.0215| —0.0120| —0.0026| 0.0068 
11.3489] 5.5941| —0.1606| —0.1066| —0.0526 —0.0102|—0.0051| 0.0001) 0.0053 
3.8550, 1.5126, —0.8075| —0.4187|—0.0299| 0.0027) 0.0018} 0.0010) 0.0002 
— 316132) — 215070, —1:4008| —0.7048 —0.0087, 0.0021; 0.0015} 0.0009} 0.0003 
—11.0704|— 6.5121|—1.9744| —0:9815| 0.0114) 0.0058| 0.0032) 0.0006/ —0.0020 
—14.7985| — 8.3030] —2.1735 —1.0760) 0.0214 0.0076, 0.0038) 0.0001| —0.0036 
50.0145 27.4682 4.9834 2.7700 0.4858 0.2490 0.1864 0.1237 0.0614 


TABLE 8—INFLUENCE LINES FOR PRESSURE, SECTION 8 


Point 


CONOUPRWNEK OS 


0.0001 
49.4722 


0.001 
43.7192 


For value of m 


30.0155| —0.9994| —0.6995| —0.3991| —0.1256 —0.0731 —0.0206,; 0.0319 
31.1937) 0.0412) —0.1316 —0.3045| —0.1059) —0.0646) —0.0234) 0.0178 
33.6212) 2.1224) 1.0057) —0.1153) —0.0665| —0.0478) —0.0290| —0.0102 
36.0156) 4,2034) 2.1514) 0.1043) —0.0060| —0.0156| —0.0251| —0.0346 
38.1212) 6.2621) 3.3293) 0.3965) 0.1102) 0.0596) 0.0091| —0.0414 
40.2143) 8.2353) 4.4997) 0.7926) 0.3177) 0.2113) 0.1049) —0.0015 
41,8726) 9.9964) 5.5172) 1.2846) 0.6301) 0.4598) 0.2895) 0.1192 
42.9124) 11.3369) 6.5002) 1.7851) 0.9976) 0.7730) 0.5484) 0.3238 
42.6612) 11.9480) 7.0105) 2.0784) 1.2442) 0.9977) 0.7512) 0.5047 
41,0916) 11.4080) 6.5223) 1.7701) 0.9945) 0.7713) 0.5482) 0.3251 
38.3041! 10.1753) 5.6878) 1.2580) 0.6243) 0.4568) 0.2892) 0.1216 
36.5113) 9.3898) 5.2022) 1.0109) 0.4673) 0.3321) 0.1968) 0.0615 
34.8707) 8.5944) 4.6423) 0.7630) 0.3103) 0. 0.1045) 0.0002 
31.0566) 6, 3.6392) 0.3801) 0.1045) 0.0568} 0.0090) —0.0388 
26.9214) 5.2729) 2.7105) 0.1281) —0.0031) —0.0138] —0.0244| —0.0350 
22.6577) 3.7767! 1.8501) —0.0723| —0.0436] —0,0349| —0.0263| —0.0177 
18,3992) 2.4544] 1.1956] —0,0734| —0.0473| —0.0324| —0.0176| —0.0028 
14.1 1.3032) 0.6071) —0.0859| —0.0360| —0.0223) —0 0.0051 
10.0516) 0.2958) 0.1112) —0,0733| —0.0218) —0.0123) —0.0027| 0.0069 


Pe bs Ea (Dad at Et Ss 


20.7070) —2. 2827| —1. 2300) —0.1773| —0.0545| —0.0274| 0.0002} 0.0278 


22.3113] —1,3179| —0.7612| —0;2207| —0.0554| —010306| —0. 
248950 0. 6117 +0. 0.2379 — 0.1358 = 9.0502 —0.0369 = OO 0.0017 
31.7982| 4: “5177 3 3067 ~ 0,1357| —0.0022| 0.0138] —0'0253 —0.03 

: 4826 0.3966 0.0574] 0. “0408 


5 : A : 0.9939] 0. f 
38.9880) 10.8318] 6.1514] 1.5088] 0.8090! 0.61 : 
37.8030] 10.2116] 5.7231| 1.2546] 0/6242 et Bano Oriane 
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TABLE 9 (cont.)—INFLUENCE LINES FOR PRESSURE, SECTION 9 


TESTS 


For value of m 


Point a SS 
0.0001 0.001 0.005 0.01 0.05 0.10 0.20 0.30 0.40 0.50 
13 67.2220) 60.7104) 34.6641] 8.6183] 4.6818] 0.7618} 0.3104) 0.2074} 0.1045) 0.0016 
14 61.2046) 55.1662} 31.0304) 6.9080} 3.6422} 0.3802| 0.1045) 0.0568) 0.0090} —0.0388 
15 54.4959| 49.0198] 27.1252] 5.2306) 2.6796) 0.1287] —0.0033| —0.0138] —0.0244) —0.0350 
16 47 .3134| 42.4638] 23.0653] 3.6668] 1.8209] —0.0116| —0.0441| —0.0353| —0.0264| —0.0175 
17 39.8323) 35.6559} 18.9501| 2.2449] 1.0864] —0.0728) —0.0480| —0.0328| —0.0177| —0.0026 
18 32.1717| 28.7018] 14.8221) 0.9565) 0.4355| —0.0855| —0.0365| —0.0226] —0.0088) 0.0050 
19 24.4148] 21.6742) 10.7116] —0.2289] —0.1501| —0.0731| —0.0214| —0.0121) —0.0028) 0.0065 
20 16.6169} 14.6169 6.6303] —1.3519] —0.7007| —0.0505| —0.0071| —0.0033} 0.0006) 0.0045 
21 8.8025 7.5521 2.5502| —2.4503] —1.2351| —0.0254| 0.0059} 0.0044} 0.0029) 0.0014 
22 4.9198 4.0197 0.5098] —3.0010| —1.5194| —0.0379| 0.0124] 0.0082} 0.0041} 0.0000 
Area 55.6356 50.0014 27.4544 4.9926 2.7203 0.4976 0.2489 0.1868 0.1240 0.0611 
TABLE 10—INFLUENCE LINES FOR PRESSURE, SECTION 10 
For value of m 
Point oe 
0.0001 0.001 0.005 0.01 0.05 0.10 0.20 0.30 0.40 0.50 
0 32.5730| 28.6266] 12.8410} —2.9309] —1.5306| —0.1466) —0.0130 —0.0032} 0.0067} 0.0166 
1 35.6611| 31.4671] 14.6919] —2.0897| —1.1131] —0.1365| —0.0209 —0.0095| 0.0019} 0.0133 
2 41.8482] 37.1482] 18.3711] —0.4072| —0.2606] —0.1163 —0.0368] —0.0223) —0.0077| 0.0069 
3 47 .9878| 42.7978] 22.0403) 1.2961) 0.6440) —0.0824 —0.0485| —0.0334| —0.0182| —0.0030 
4 54.0117| 48.3475| 25.6908} 3.0453} 1.5178) —0.0096 —0.0445| —0.0358] —0.0272| —0.0186 
5 59.7662| 53.6858] 29.3641] 4.8524) 2.5002) 0.1357 —0.0036| —0.0143| —0.0250) —0.0357 
6 65.0487| 58.6531| 32.6708] 6.6989} 3.5014| 0.3879 0.1044) 0.0566} 0.0087) —0.0392 
Ch 69.9185| 63.0385| 35.7669} 8.5179} 4.6113} 0.7680 0.3104) 0.2074) 0.1044) 0.0014 
8 735622) 66.5622| 38.2918] 10.1753} 5.7134) 1.2580 0.6243) 0.4568) 0.2892) 0.1216 
9 76.0970) 68.8970| 40.1816] 11.4522) 6.6077 1.7633| 0.9939} 0.7693} 0.5483) 0.3273 
10 76.8386| 69.6386} 40.8303] 12.0275} 7.0450 2.0635| 1.2424) 0.9968} 0.7512} 0.5056 
11 76.1285| 68.9785| 40.3611] 11.7467) 6.8291 1.9126] 1.1181} 0.8840} 0.6498) 0.4156 
12 75.4185| 68.3185} 39.8898] 11.4659) 6.6123 1.7616| 0.9939} 0.7711] 0.5483) 0.3255 
13 72,.3185| 65.3909} 37.8001} 10.2116] 5.7331 1.2546] 0.6242| 0.4567} 0.2892) 0.1217 
14 67.8516| 61.2516] 34.9212) 8.5944) 4.6707 0.7630} 0.3104] 0.2074] 0.1045) 0.0016 
15 62.3995| 26.2295) 31.5303} 6.8418} 3.6156 0.3822} 0.1043] 0.0566) 0.0089) —0.0398 
16 56.2725| 50.5825) 27.8314) 5.0953} 2.6055 0.1311] —0.0038] —0.0142| —0.0246] —0.0350 
17 49.6671| 44.5271] 23.9714) 3.4282) 1.7092 —0.0097| —0.0446| —0.0357| —0.0267| —0.0177 
18 42.7193| 38.2193} 20.0414) 1.8626) 0.9001 —0.0725| —0.0484| —0.0333] —0.0181] —0.0029 
19 35.6740| 31.7730} 16.1112| 0.3865 0.1505| —0.0889| —0.0361| —0.0225| —0.0089| 0 0047 
20 98.5653| 25.2641] 12.0192) —1.0308 —0.5510| —0.0830| —0.0192| —0.0105| —0.0018| 0.0069 
21 21.2977| 18.7364 8.4912] —2.4239| —1.2411| —0.0700| —0.0019 0.0009) 0.0037 0065 
22 17.7966} 15.4726 6.1766| —3.1194| —1.5913| —0.0635| 0.0067 0.0066] 0.0065} 0.0064 
Area 55.6104 48.0020 27.5045 4.9976 2.8583 0.5010 0.2512 0.1885 0.1260 0.0634 
TABLE 11—INFLUENCE LINES FOR PRESSURE, SECTION 11 
For value of m 
Point oa eS | 
0.0001 0.001 0.005 0.01 0.05 0.10 0.20 0.30 0.40 0.50 
0 25.2817| 22.0497 9.1215| —3.7936| —1.9423| —0. 1050) —0.0003 —0.0011| —0.0019| —0.0027 
1 28.5128| 25.1018] 11.4173 —2. 2568] —1.1816| —0. 1032} —0.0113| —0.0066 —0.0028} 0.0010 
2 35.1972| 31.2060) 15.2410 —0.7190| —0.4090} —0.0995| —0.0279 —0.0162| —0.0047) 0.0068 
3 42.0512| 37.2853) 18.2214 0.8412} 0.3816] —0.0856| —0.0373 —0.0300| —0.0135) 0.0030 
4 49.0003) 43.2834) 20.4156 2.4538| 1.2064] —0,0410| —0.0464 —0.0343] —0.0226| —0.0109 
5 54.7341| 49.1064| 26.5916 4.1402] 2.1050} 0.0630} —0.0240 —0.0252| —0.0258| —0.0264 
6 60.7093| 54.6117} 30.2211 5.8971| 3.0711) 0.2595) 0.0503 0.0214| —0.0080) —0,0374 
‘o 66.1297| 59.6340| 33.6513} 7.6798) 4.1273 0.5750| 0.2073} 0.1320} 0.0567|—0.0186 
8 70.4831| 63.9069 36.5998| 9.3898] 5.1822) 1.0105 0.4673) 0.3320 1968) 0.0616 
9 74.1853| 67.1440} 38.9787] 10.8318) 6.1703 1.5089] 0.8090} 0.6138} 0.4187| 0.2632 
10 76.1427| 68.9785 40.3218] 11.7467| 6.8202) 1.9124) 1 1181| 0.8839] 0.6497) 0.4155 
11 77.5517| 69.8957| 41.2726} 12.6616) 7.4655 2°3159| 1.4272| 1.0892) 0.8712) 0.6532 
12 
13 
14 
15 
= R E 1 E A T 
18 
19 
20 
21 
22 


55.6882 50.1701 


_-_ Area 27.1403. 4.9749 2.8473 0.5000 0.2507 0.1872 0.1244 0.0657 
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Fig. 4—Pressure diagram worked out in the example 
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Continued from p. 732 


2.48 2.5 1.63 — 1.5 0.63 
pee <* ROE 7.82 ti 


m= —70:01 


Kb(L\* ___ 100 X 30 X 36! 
Br X20)" “3 X 10°SC'7.82.x 124 


Points 1 and 21, 3 and 19, 5 and 17, 7 and 15, 8 and 14 have identical influence lines; point 
11 is the center line of the beam. Pressures at all these points are calculated and plotted 
(Fig. 4). Points 2, 4, ete. have been omitted from investigation to avoid bulk in calculations. 


Load points and standard sections are shown in Fig. 3 and 4. It may be seen that load 
points have been so chosen so as to coincide with any of the standard sections. This has been 
done for the sake of convenience. For other load positions the values of ordinates under load 
may easily be interpolated from the tables. But it is desirable to arrive at the former situa- 
tion by selecting the length of the beam. The sections are chosen as 1/20th of the length of 


- the beam so that this can be very easily accomplished. Results for shear and moment are _ 


plotted in Fig. 5 and 6. 


Fig. 5—Bending moment diagram 
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Fig. 6—Shear diagram 


CONCLUSION 


The influence line method is very handy and is specially useful in working 
out dynamic load effects. An experimental analysis was done by photoelastic 
method with a single load on a prepared subgrade. Values of deflection 
checked admirably with those provided in the paper. The experimental beam 
and subgrade were of such dimensions as to give a value of m = 0.00005, 
which may be considered as approaching an infinitely stiff beam. The values 
of deflection for this value of m were compared with those for m = 0.0001 in 
the tables and the results checked within two decimal places. This proved 
that below a certain critical value of m which can be taken as 0.001 the results 
become asymptotic. Values of influence lines for m = 0.0001 may be used for 
infinitely stiff footings. Some very heavy foundations have been designed 
on this principle recently and are considered to be behaving admirably. Great 


economy in sections was obtained in this method over the conventional methods 
of design. 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


I-shaped beams of reinforced concrete 
in bridges (Les poutres profilées en 
béton armé dans les ponts) 
Epaar Gitsert, L’Ingénieur (Montreal), V. 43, No. 
171, Autumn 1957, pp. 13-19. 
Reviewed by Aron L. Mirsky 
A broad study of the design of concrete 
highway bridges with I-shaped girders, cov- 
ering such practical elements as creep, shear 
and bond, placing sequences, etc. 


Widening of the Montagnac Bridge 
over the Herault (Elargissement du 
Pont de Montagnac sur I’Hérault) 
A. BrsompBes-Vaitun, Annales des Ponts et Chaussées 
(Paris), V. 127, No. 5, Sept.-Oct. 1957, pp. 617-628 
Reviewed by Aron L. Mirsky 
Seventeenth century stone arch structure 
on French National Highway 113 was wid- 
ened by removing old superstructure and con- 
structing reinforced concrete deck, cantilever- 
ing out on either side of the old arches. Archi- 
tectural as well as engineering problems were 
surmounted by this solution, which with nec- 
essary variations may be used for other proj- 
ects of this type. 


Langstone Bridge, Hampshire 
Joun W. Metross and WALTER A. Eyre, Proceedings, 
Institution of Civil Engineers (London), V. 8 (Session 
1956-57), Oct. 1957, pp. 141-160 
Reviewed by Aron L. Mirsky 

Design of bridge, one of few toll bridges of 
any importance remaining in the United 
Kingdom, was governed by statutory require- 
ments and need for rapid construction. Aes- 
thetics and economy were also factors in 
selection of simple 29-span structure of rein- 
forced-concrete pile bents supporting a pre- 
stressed concrete deck formed of precast 


beams transversely stressed together after 
placing. Casting yard was located at the site. 

Discussion is printed in issue of April 1958, 
pp. 514-540. 


Construction 


Design and construction of a dry dock 
at South Shields for Messrs. Brigham 
and Cowan, Ltd. 
Prrer F. Srorr and Lanes M. Ramaaes, Proceedings, 
Institution of Civil Engineers (London), V. 8 (Session 
1956-57), Oct. 1957, pp. 161-188; discussion, Apr. 1958 
issue, pp. 541-555 
Reviewed by Aron L. Mirsky 

Interesting description of layout, design, 
and construction of drydock capable of ac- 
commodating a 38,000-ton tanker. Full 
ancillary works (riverside jetties, sludge-dis- 
posal tanks, etc.) were included in the project. 


Bron-Parilly housing development for 
2600 families, industrialized construc- 


tion (in French) 
P. Bourprrx, R. Gaaes, F. Grima, and H. Motss, 
Supplement to Annales de L’Institut Technique du 
Batiment et des Travaux Publics (Paris), No. 127-128, 
July-Aug. 1958, Series Technique Générale de la Con- 
struction (23), pp. 834-860 

AutTHoRS’ SUMMARY 

The Bron-Parilly housing development 
providing lodging for 2600 families includes a 
15-story building, four towers, seven 6-story 
buildings. In addition there are four school 
buildings, an administrative center, a business 
center, a market, a parish center, and a com- 
munity garage. The development was de- 
signed in terms of functional units adapted 
for construction on an industrial basis. 

The structural system of the development 
is based on concrete bearing walls supporting 
reinforced concrete floor slabs 6 in. thick. 
Metal forming was used throughout with 


A part of copyrighted JoURNAL OF THE American ConcRETE INSTITUTE, V. 30, No. 6, Dec. 1958 _(Proceedings 
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welded steel reinforcing mats and truck- 
mounted concrete mixers. The front fagade 
is a prefabricated unit including glazed sec- 
tions and flush metal panels enclosing a hollow 
space filled with “bakelised’”’ mineral wool 
insulation. 


No. 1 Berth, Tilbury Dock 


Crem Pret, ArtHuR J. CARMICHAEL, and RONALD 
F. J. Smearpon, Proceedings, Institution of Civil 
Engineers (London), V. 8 (session 1957-58), Dec. 
1957, pp. 331-362; discussion, June 1958 issue, pp. 
200-211 


Reviewed by Aron L. Mirsky 


New berths added to Tilbury Dock, con- 
structed in 1886 and enlarged several times 
since, feature a new quay 842 ft long and a 
T-shaped transit shed. Quay wall was con- 
structed of concrete monoliths 30 ft square, 
sunk to depths between 60 and 81 ft below 
coping level and surmounted by a canti- 
levered quay 50 ft wide. Shed roof is entirely 
of barrel vaults to obviate interior columns. 
Appendices outline analysis of monolith 
stability and design of barrel-vault roofs. 


Construction Techniques 


Guiding principles for the field control 
of concrete and reinforced concrete 
(Leitsatze fiir die baviberwachung im 
beton und stahlbetonbau) 
Waurer Naxonz, Editor, Deutscher Beton-Verein 
E. V., Wiesbaden, 10th Edition, 1957, 156 pp. 
Reviewed by J. F. Leppmann 
Rules, standards, and recommended prac- 
tice for field personnel, covering the selection 
of materials, the supervision of operations, 
and the preparation of tests, brought up-to- 
date as of July 1957. The sections on bend- 
ing and welding of steel, on open grade 
mixes, and on consistency tests have been 
enlarged. Various charts and pictures and 
a section on hammer blow tests have been 
added. Steam curing and __prestressing 
practices are not included. : 


_ Shear rupture in reinforced concrete 

beams (in Danish) 

Mogens Frepveriksen, Ingenigren, B Edition 

(Copenhagen), V. 67, No. 12, June 1958, pp. 388-393 
‘ eviewed by Jesper STRANDGAARD 

_ The author attempts to establish a theo- 

retical analysis for the shear design of rein- 

forced concrete beams based on the stress- 
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strain curves and Mohr’s rupture envelope 
for concrete. A simply supported beam with 
no compression reinforcement was analyzed, 
and the form and location of the principal 
fissure due to diagonal tension was derived 
mathematically. The developed formulas 
were applied to four of the tests described 
by Moody, Viest, Elstner, and Hognestad 
in “Shear Strength of Reinforced Concrete 
Beams,” ACI Journat, V. 26, No. 4, Dee. 
1954, and the theoretical shear failure was 
found to agree well with the test results. 
Author stresses the need for further research. 


Stresses in tunnel cuts with rectangu- 
lar pay-section and arch-shaped roof 
(Spannungen an Tunneléffnungen mit 
rechteckigem Nutzquerschnitt und 


Kreisbogenférmiger Uberwélbung) 
R. Hittscuer, Der Bauingenieur (Berlin), V. 32, No. 8, 
Aug. 1957, pp. 288-291 
Reviewed by Aron L. Mirsky 

Results of photoelastic investigations, pre- 
sented in form of charts using dimensionless 
parameters (e.g. ¢/p, h/b). Author notes that - 
for design of reinforcement, additional data 
are required (see following review). 


Total tensile force on openings in a 
uniaxial compressive stress field (Die 
totale Zugkraft an Offnungen in einem 
einachsigen Druckspannungsfeld) 
R. Hivrscuer and B. Pant, Der Bauwingenieur (Berlin), 
V. 32, No. 12, Dee. 1957, pp. 470-474 
Reviewed by Aron L. Mirsky 

Investigation, photoelastic and analytic, of 
variously-shaped holes, with application to 
design of reinforcement around tunnels in 
rock. (See preceding review.) 


Analysis of grids of crossed beams 
(Calcul des réseaux de poutres croisées) 
Jean Courson and Roger Lacrorx, Annales des 
Ponts et Chaussées (Paris), V. 127, 1957: No. 3, May- 
June, pp. 271-318; No. 4, July-Aug., pp. 391-444 
Tevinwbd by nc L. Mirsky 
Method, claimed to be exact, reduces 
analysis of grid to analysis of a continuous 
beam on elastic supports. Loads applied to 
the grid are resolved into a linear combination 
of a finite number of “proper loads” such that 
under their action the beams of one of the 
systems comprising the grid are distorted 
proportionally to the effect of the actual 
loads. If the beams composing the grid are 
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equally spaced and of constant moment of 
inertia, these ‘‘proper loads” are known, their 
resolution is immediately effected, and the 
solution of a system of equations is not nec- 
essary. The method can be generalized to 
include the case wherein the beams of one 
system are infinitesimal distances apart, Le., 
slabs. Matrix analysis is used extensively. 
Tables to simplify calculations, and worked 
examples are included. 


Materials 


Influence of free lime in portland 
cement on the resistance of concrete 
against aggressive actions (Influencia 
de la cal libre en el cemento portland 
sobre la resistencia del hormigon 
frente a las acciones agresivas) 
¥F. W. Merer-Groiman, Bulletin No. 182, Instituto 
Técnico de la Construccién y del Cemento, Madrid, 
1957, 72 pp. 
Reviewed by Roarr Diaz pr Cossro 
The results of long term research on 
American portland cement when subjected 
to the action of sulfate are analyzed and in- 
terpreted. A new definition is given of 
“free hydrate of lime.’’ It is found that the 
free lime content must not exceed 0.5 percent 
for lean mixes, and that the limiting value 
for tricalcium aluminate must be 6 percent. 
In fact, all essential ASTM specifications on 
Type V cements are confirmed. A modulus 
of aggressiveness is offered as the ratio 
between the chemically reacting elements 
and those reacting in the liquid phase. It 
varies inversely with the free lime content 
of cement. 


Influence of fineness on the properties 
of cement (Influencia de la finura de 
los cementos en sus propiedades) 


ApriaN Margarit DurAN, Bulletin No. 167, Instituto 
Técnico de la Construccién y del Cemento, Madrid, 
57 pp. 


Reviewed by Rocrr Diaz pE Cossro 

Reports results of an investigation con- 
ducted during the past few years at the 
Barcelona Laboratories of the Institute. 
Using ten commercial ‘Spanish portland 
cements and their respective clinkers, the 
influence of the fineness of, cement was con- 
sidered on the following factors: real and 
apparent specific weight, mix water per- 


centage, setting time, tensile and compressive 


strengths at 7 and 28 days, chemical compo- 
sition, and age. The fineness was measured 
by several different methods and general 
fineness coefficients were then adopted. In 
general, it was found that the fineness had 
a decisive effect on. the over-all quality of 
cement; also, none of the usual methods to 
determine cement fineness was found com- 
pletely satisfactory. Consequently a new 
method to determine the specific surface of 
cement was developed. The method is 
based on the capacity of cement to absorb 
coloring substances while in the liquid state. 


Effects of the addition of salts on the 
false set of cements 
Hirosur Naranasui, Masasnr AMeEMIYA, and 
Koxicut Naxasuima, Semento Gijutsu Nenpo, V. 11, 
1958, pp. 66-75 
Crramic ABSTRACTS 
Sept. 1958 (Y. Suzukawa) 
The effects of the addition of 0.5 percent 
by weight of various chlorides, sulfates, or 
nitrates on the relaxation of false set were 
studied by the penetration method and the 
flow test of mortar. In the scope of the 
experiments, BaCl, and AICl; seem to be 
effective. 


Effect of the temperature of materials 
on the properties of cement paste and 


mortar 
Kryosut Mryazawa, Semento Gijutsu Nenpo, V. 11, 
1957, pp. 85-89 
Crramic ABSTRACTS 
Sept. 1958 (Y. Suzukawa) 

Tests were made in a constant temperature 
room at 20 + 1 C on materials of various 
temperatures. The effect of temperature of 
the materials on the properties of cement 
paste was small. The flow of mortar and 
compressive strength at 3 days increased 
with rising temperature of materials. 


Effect of calcium chloride on sulfate 


resistance of mortar 
Nozun Fuxupa, Nosvo Apacut, and Iwao YamapDA, 
Semento Gijutsu Nenpo,, V. 11, 1957, pp. 79-85 
CrraMic ABSTRACTS 
Sept. 1958 (Y. Suzukawa) 


After removal from the mold at 1 day, 
mortar specimens (water:cement:sand ratio 
0.65:1:2) were cured at-20 + 1 C for 7, 
15, and 30 days in water or in a moist closet 
of 94 to 98 percent. relative humidity and 
then immersed ‘in 10 ;percent solution of 
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NaSO, or MgSO,. The effect of the initial 
curing conditions of mortar containing 0 to 
3 percent anhydrous CaCl, by weight on 
sulfate resistance was studied. Mortar 
strength tests up to 1 year showed that for 
cement containing no CaCls, the longer the 
initial curing period in water, the lower was 
the sulfate resistance, but no influence of 
the curing period in water was observed 
when CaCl. was added; sulfate resistance 
increased with increase in the initial curing 
period in the moist closet, especially when 
CaCl. was added. The increase in sulfate 
resistance due to the addition of CaCl: 
seems to be related to the acceleration of 
the formation of calcium  sulfoaluminate 
and chloroaluminate at earlier ages of 
hydration. 


Experiments on the effect of calcium 
chloride on corrosion of steel rein- 
forcement in concrete 
Nosve Fuxupa and Hirosui Awaya, Semento Gijutsu 
Nenpo, V. 10, 1956, pp. 188-193 
CERAMIC ABSTRACTS 
Sept. 1958 (Y. Suzukawa) 

The effect of the addition of 2 percent by 
weight of CaCl, to cement on the corrosion 
of a mild steel plate of 50 x 30 x 3 mm em- 
bedded in mortar specimens of 20 x 20 x 20 
em (water:cement:sand ratio = 1:2:5) was 
tested up to 1 year. Weight loss due to 
corrosion was about 0.76 mg per sq cm 
during moist curing for 6 months. No 
further weight loss was observed in specimens 
cured up to 1 year. Various electrochemical 
Measurements made on a mild steel plate 
in mortars prepared from cement containing 
0 to 5 percent by weight of CaCl. showed 
that the layer of CaCO; formed on the sur- 
face has a protective action against corrosion. 
It was confirmed that CaCl, must not be 
used when there is a stray current in the 
place where the concrete is placed. 


Corrosion of steel in reinforced con- 
crete (in French) 
M. J. Brocarp, Supplement to Annales de L' Institut 
Technique du Batiment et des Travaux Publics (Paris), 
No. 126, June 1958, Series Béton, Béton Armé (47 7 
pp. 756-772 

Permeability of concrete to air seems to 
have a not very marked effect on steel cor- 
rosion for usual percentages of cement, since 
the coefficients of permeability vary slightly 
when concrete is proportioned to give a “full” 
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mix with a minimum of voids. For very low 
coefficients of permeability, mixes markedly 
richer than normal are required. 

The rate of corrosion decreases in propor- 
tion to the thickness of concrete over steel 
reinforcement. Beyond 1.9 in., it becomes 
negligible; this thickness should be con- 
sidered as a minimum for concrete exposed in 
an aggressive medium. 

The effect of cracks on the steel corrosion 
depends essentially upon the width of cracks. 
Tests take into account the width of the 
cracks at the level of the reinforcement. For 
widths of less than 0.015 in., cracks do not 
appear to have an appreciable effect. Above 
this figure, the rate of corrosion increases 
rapidly and may easily increase to as much 
as ten times the initial rate. 


Pavements 


Experiments with protective coatings 
and with methods of repairing a 
scaled concrete road (in Swedish) 
Nits OpeMaRK and SvEN oe ree 31, State. 
Road Institute (Stockholm), 1957, 28 p 
HiGHway Reszance ABSTRACTS 
July 1958 
The tests were carried out on a pavement 
built in 1947 of concrete without entrained 
air. As far as is known, salt has never been 
used on this road. The road had no scalings 
until in 1953, when scalings occurred on a 
large part of the surface. The tests were of 
two different kinds: (a) tests of different 
types of surface treatments to prevent 
further scaling, and (b) experiments with 
different methods of repairing scaled spots. 
Experiments with treating the concrete 
surface with various products to prevent 
further scaling included: (1) concentrated 
water-glass, (2) diluted water-glass and cal- 
cium chloride, (3) a mixture of diesel fuel 
and white spirit in proportions 1:3—3 percent 
stearic acid was added, (4) a water-repelling 
silicone product, and (5) a plastic product. 
Experiments with different methods of re- 
pairing scaled spots were: (1) sandblasting, 
treatment with hydrochloric acid, washing 
with water and repairing with cement mortar 
laid by means of a trowel; (2) sandblasting 
and repairing by spraying cement mortar; (3) 
repairing with cement mortar to which had 
been added an emulsion of high-polymeric 
substance (repairing by means of a trowel, 
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repairing by means of spraying); and (4) 
repairing with cement mortar to which: had 
been added an emulsion of a high-polymeric 
substance (repairing by means of a trowel, 
repairing by means of spraying). 

Results of the last inspection in 1957, when 
the repair work was 3 years old, were used 
for a final judgment of test results. 

Treatments were made both on undamaged 
and on partly scaled slabs and the develop- 
ment of new scaling was observed. It was 
found, in comparison with untreated slabs, 
that treatments of the kind here tested have 
no noticeable effect on the development of 
sealing. 

Irrespective of method of repair, all 
patches were intact, unless minor damages at 
the edges are taken into consideration. It 
seems reasonable to conclude that good 
patching results mainly depend on a good 
cleaning of the surface which was here done 
by sandblasting. The result applies to pave- 
ments on which salt has never been used. 
The institute has lately made freezing and 
thawing tests on small concrete cubes, sub- 
merged in solutions of salt, and also, patching 
tests of a similar kind as those mentioned 
above. The laboratory tests on the cubes 
showed that admixture of a high-polymeric 
emulsion (products mainly consisting of poly- 
vinyl acetate) improves the resistance of con- 
crete to the combined action of salt and frost. 
The results of the further patching tests 
show that the use of admixture to the mortar 
is of advantage to improve adhesion to old 
concrete and, also, to make a mortar specially 
suitable. to repair shallow scalings. 


Precast Concrete 


Fallacies in the current percent of total 
absorption method for determining 
and limiting the moisture content of 


concrete block 
Cary A. Mrnzzu, Proceedings, ASTM, V. 57, 1957, 
pp. 1057-1071; discussion pp. 1072-1076 
AuTHOR’s SUMMARY 
The long-standing test for moisture content 
described in ASTM C 140-56 was intended 
to limit the permissible moisture content of 
concrete block. However, author feels it is 
inadequate since it fails to give a significant 
and realistic indication of the moisture con- 
dition of the concrete such as is needed to 
show whether or not block are at the desired 
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degree of dryness to reduce drying shrinkage 
and cracking in the wall. 

This paper presents data showing that the 
moisture held by air-dry concrete at equi- 
librium with a given relative humidity is 
influenced by many factors and is not sig- 
nificantly related to the total absorbed water 
in a saturated block. Hence, the current 
‘Hercent of total absorption method’’ should 
be replaced by the “relative humidity 
method” which provides a reliable indication 
in about 20 to 60 min of the state of dryness 
and potentiality for drying shrinkage of 
concrete block in subsequent exposure to 
atmospheric conditions. 


First precast concrete curtain wall 
a poeren a Record, V. 124, No. 3, Sept. 1958, pp. 189- 


There have been a large variety of curtain 
walls for office buildings. This 15-story bank 
building used curtain wall composed of 2144 
in. thick, precast faceted units, 514 ft wide 
and 6 ft high, fastened to the structural frame. 


Prestressed Concrete 


Proceedings of the symposium on pre- 
stressed concrete and composite beams 
(in English and German) 
Science Council of Japan, Architectural Institute of 
Japan, Japan Society of Civil Engineers (joint pub- 
lishers), Tokyo, Nov. 1955, 97 pp. 

The proceedings include papers on Japanese 
prestressing steels, railway bridges, railway - 
ties, and research papers on bond, fire tests, 
corner stresses in prestressed rigid frames, 
shear connectors for composite beams, vibra- 
tion characteristics and design and construc- 
tion of prestressed earthquake resistant test 
structures. 


Behavior of prestressed concrete 


beams at transfer 

A. G. Scorpeuis, T. Y. Lin, and H. R. May, Struc- 
tures and Materials Research Report, University of 
California, Division of Civil Engineering, Series 100, 
Issue 3, Oct. 1957; available at $1.82 from the State of 
California Printing Division, Document Section, Sac- 
ramento 14, Calif. 

The behavior of prestressed concrete 
beams at transfer under varying amounts of 
prestressed external moment acting to in- 
crease the eccentricity of prestress is discussed. 
Theoretical formulas are developed for the 


eracking and ultimate strengths at transfer 
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for rectangular and tee-shaped cross sections. 
Results of tests on 14 full-scale beams of 
various cross-sections are given. Test results 
generally verified theory, and both indicate 
that the present practice which bases the 
design at transfer on a fixed value of allowable 
tensile stress yields a widely varying factor 
of safety. 


Fire test of prestressed concrete slabs 
Kunio Kawaaor, Proceedings, Symposium on Pre- 
stressed Concrete and Composite Beams, Tokyo, 
Sept. 4, 1954 (published Nov. 1955) pp. 27-31 

Results of fire tests on beams, channel 
type slabs and plate-like slab members of 
prestressed concrete for building structural 
use are given. Describes test procedures and 
specimens used in this series of tests. 


Developments in prestressed concrete 
—a review prepared by the Prestressed 
Concrete Development Committee 
i Institution of Civil bigs oo (London), 

V. 8 (Session 1957-58), Nov. 1957, pp. 293- 

Reviewed by Fy -r i. Mrrsxy 

A critical survey and review of develop- 
ments since 1949 in materials, design funda- 
mentals, techniques, experimental work; 
bridges, buildings, tanks, roads and runways, 
and other applications. While a general ref- 
erence to the committee’s Bibliography on 
Prestressed Concrete is made, keyed citations 
are unfortunately lacking. 


Study on vibration characteristics of 
prestressed concrete beam 
Yasus1 Tanara, Proceedings, Symposium on Pre- 
Habre Concrete and Composite Beams, Tokyo, Sept. 

, 1954 (published Noy. 1955) pp. 45-52 

Avutuor's SUMMARY 

In the study of properties of a prestressed 
concrete beam subjected to vibration, the 
effect of hysteresis which is observed in the 
stress-strain diagram of concrete of such a 
case, should not be ignored. Such hysteresis 
appears under the condition that concrete 
itself is constantly in state of compression 
while vibration stress is being applied. This 
sort of effect is particularly noticeable at the 
initial stage of vibration but diminishes 
gradually, and after a certain given number of 
vibrations it becomes almost negligible. Thus 
the beam might lose a part of its strength 
finally as the result of the secondary loss of 
tension in piano wire, due to the total effect of 
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hysteresis accumulated before the number of 
vibrations given. 

Despite this interesting theoretical result, 
the numerical result obtained from some ex- 
periments shows that the influence is very 
small for the beam as usual in comparison 
with the effect of creep or plastic-flow caused 
by the loading mass on the beam, and is not 
significant in the practical design of a beam. 


Studies on the knee part of the pre- 
stressed concrete rigid frame structure 
Yasuo Konpo, Proceedings, — posium on Pre- 
st Concrete and Composite Beams, Tokyo, Sept. 
4, 1954 (published Nov. 1955) pp. 53-58 
AvtTHoR's SUMMARY 

Prestressed concrete structures now in 
Japan are used mainly as bridge structures 
of, in most cases, simple beam or slab con- 
structions, and there are very few examples of 
statically indeterminate structures. 

Reinforced concrete and also prestressed 
concrete structures are used most advan- 
tageously as Gerber beams, continuous beams 
or rigid frame structures. Rigid frame struc- 
tures are most suitable in Japan where fre- 
quent earthquake takes place. Object of 
this test was to obtain further information of 
statistical behaviors of prestressed concrete 
rigid frame structures under loading. Three 
models of rigid frame structures of different 
types were used, and stresses distribution in 
the knee part was measured. 


Properties of Concrete 


Influence of age on the ball hammer 
testing of concrete with dense texture 
(Kugelschlagpriifung von Beton mit 
dichtem Gefiige. Einfluss de Pri- 
falters) 


Kurt Garpe, Bulletin 128, tae rene fiir 
Stahlbeton (Berlin), 1957, 


Eedaete by wane KRaAMRISCH 
The report describes tests and evaluates 
test results regarding the influence of age on 
the ball hammer testing of stone concrete in 
order to determine its compressive strength. 
These tests have shown that hardening of the 
surface progresses faster than hardening of 
the interior and that, therefore, equal diam- 
eters of impressions, obtained on specimens 


of different age, indicate different compressive. 


strengths of the specimens. The explanation 
for this behavior is sought inthe faster 
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hardening of the air exposed surface. This 
characteristic affects not only the method 
that measures the diameter of the ball im- 
pression, but also the instruments that use 
the rebound as a measure of the compressive 
strength, because the plastic, gel-like char- 
acter of young concrete can absorb more 
energy than the more elastic, crystalline 
character of older concrete that results in a 
greater rebound. 


Test results are given and formulae are 
developed to adjust readings of impression 
diameters and rebounds measured on con- 
crete having an age different from 28 days 
to the standard reading of 28-day concrete. 


pectin of hardened concrete 


S. Butcuer, Journal, Institution of Engineers 
(Australia) (Sidney), V. 30, No. 6, June 1958, pp. 185- 


Reviews methods available to determine 
strength, quality, condition, and other prop- 
erties of concrete in a structure. 

Tests discussed are: chemical analysis, 
core tests, dynamic tests, tests for water 
and air content, petrographic analysis, 
gamma and x-ray examination, and physical 
characteristics of the concrete in place. De- 
spite the number of tests available, author 
cautions care in interpretation of results 
with due regard to the limitations of the tests 
so as not to read into the results more than is 
justified. 


Factors affecting measurement of com- 
pressive strength of insulating con- 


cretes 


Morron SHERMAN, Proceedings, ASTM, V. 57, 1957, 
pp. 1096-1109; discussion pp. 1110-1121 


AuTHOR’s SUMMARY 
For lack of experimental evidence to the 
contrary, testing laboratories and design 
engineers have found it necessary in the past 
to apply to lightweight insulating concretes 
the techniques, limits, and standard relation- 
ships that are proper for dense aggregate 
concretes. Some of these assumptions now 
appear to be erroneous when applied to 
insulating concretes. 
Data presented in this study indicate that: 


1. The effect of loading rate on the 
measured strength does not appear to be as 
critical as a variation in the dry. Vases of 


_the concrete under test. 


2. Abnormal specimen height at casting 
can facilitate the formation of density gra- 
dients in the concrete specimen to be tested. 

3. Without abnormal specimen heights, 
the height-width ratio of a test specimen can 
vary from 0.5 to 2.0 without seriously 
affecting the measured strength. 

4. Improper curing can decrease the 
measured compressive strength. 

A method of testing is suggested which 
utilizes 2-in. oven dry cubes. 


Wear tests on concrete using the Ger- 
man standard method of test and 
machine 

James L. Sawyer, Proceedings, ASTM, V. 57, 1957, 
pp. 1143-1153 

The Germans have developed a machine 
and method for abrasion test (DIN 51951) 
which subjects the test specimen to wear due 
to forces that are similar to those experienced 
by floor surface in service. This paper reports 
work with the German standard machine 
using a slightly modified test method. 

The test is sensitive to differences in mix 
and curing procedures. Results indicate that 
adequate curing is essential for good wear 
resistance. The increased wear due to sur- 
face moisture indicates that the expected 
moisture condition of the floor surface, when 
in service, must be considered in designing a 
suitable floor. 


Freezing-and-thawing resistance of 
concrete as affected by the method of 


test 


H. L. Fuacx, Proceedings, ASTM, V. 57, 1957, pp- 
1077-1095 


AutTHOR’s SUMMARY 
The data presented are a compilation of 
test results of several investigations per- 
formed by the Bureau of Reclamation to 
determine the factors which may influence 
results of laboratory freezing-and-thawing 
tests. Several combinations of freezing-and- 
thawing periods including four tentative 
ASTM methods were used to test the effect 
of initial cures, degree of saturation, and 
specimen size and shape. In addition, the 
time-temperature _ relationships established 
for different locations in an 18-in. cylindrical 
specimen to simulate the: relative effect on 
structural concrete are shown for various 
patterns of freezing and thawing. 
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Influence of clayey additions on the 


properties of mortars and concretes 
NicorarE Mina, Bulletin. de l'Institut Politehnic 
Bucuresti (Bucharest), V. 19, No. 1-2, 1957, pp. 
135-140 
Ceramic ABSTRACTS 
Sept. 1958 (M. Hartenheim) 
The influence exerted depends largely on 
the dispersion of the clayey substance in the 
mass. If the clay is present, e.g., in the 
form of a thin coating, it has an unfavorable 
effect on the adhesion of the aggregate grains 
and on the properties of the mortar or con- 
crete, as this coating prevents the binding 
of rocks and cement. If, however, the 
clayey substance is finely distributed in the 
mass, it improves the plasticity. 


Measuring the rate of hardening of 
concrete by bond pullout pins 
T. M. Ketxy and D. E. Bryant, Proceedings, ASTM, 
V. 57, 1957, pp. 1029-1040; discussion pp. 1041-1042 
Avutuors’ SumMMARY 
The method consists of the determination 
of the rate of development of bond strength. 
Stainless steel pins were embedded vertically 
in a concrete specimen immediately after 
the concrete was mixed. Individual pins 
were subsequently pulled out at increasing 
time intervals and the load at bond failure 
measured in each case. Rate-of-hardening 
curves were obtained by plotting bond 
strengths against time. Curves are presented 
which illustrate the effects of variations in 
concrete mixes and storage temperature upon 
rate of hardening. 


Effect of the properties of coarse ag- 
gregate on the strength and cement 
requirement of precast concrete (in 
Russian) 
8. 8S. Gorvon, Beton i Zhelezobeton (Moscow), June 
1958, pp. 215-218 
Reviewed by D. WarsrTein 
The effect of the properties of several 
crushed stones and gravels on the strength 
of concrete was recently investigated. It 
was concluded that the rock used as coarse 
aggregate must have a compressive strength 
of 1.5 to 2 times the design strength of the 
concrete. With other conditions being equal, 
the cement factor could be varied 20 to 40 
percent in obtaining a concrete of a given 
strength, while for a given cement factor 
the compressive strength varied up to 50 
percent. 
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Bond between the aggregate and the 
cement paste was found to be better for stone 
having a fine grain or fine crystalline struc- 
ture than for minerals consisting of coarse 
grains. A hypothesis was advanced that 
this bond is also dependent upon the degree 
of similarity between the mineralogical 
nature of the crushed stone and that of the 
cement paste. Thus, dense dolomite and 
limestone may prove to be superior to crushed 
granite of the same strength in view of the 
greater similarity of dolomite and calcite to 
hardened cement paste. This hypothesis is 
offered only with respect to concrete mixes 
which are not subject to severe frost action. 


General 


Civil engineering in the service of the 
Brussels Exposition (Le génie civil au 
service de l’Exposition de Bruxelles) 
Gustave Wittems, Memoires, Société des Ingénieurs 
Civils de France (Paris), V. 111, No. 1, Jan.-Feb. 1958, 
pp. 48-72 
Reviewed by Aron L. Mirsky 

First part of paper deals with traffiie—- 
European, Belgian, and Brussels—and de- 
scribes briefly some of the new facilities 
(tunnels, viaduct) constructed to facilitate 
traffic to the exposition. Second part de- 
scribes very briefly a few of the bold and 
imaginative exposition structures. 


Works of Pier Luigi Nervi, The 
Preface by Prer Luria Nervi; introduction by Ernes- 
to N. Rogers; explanatory notes to illustrations by 
Jurcen Joxrpicke; Translation by Ernst Prrerert; 
om A. Praeger, Inc., New York, 1957, 142 pp., 
Only rarely can the printed page capture 
the beauty and “simplicity” of the structures 
designed by Nervi. This book has accom- 
plished that in an outstanding presentation 
with all of Nervi’s completed works and some 
of his proposed designs dramatically illus- 
trated and described in detail. The book 
illustrates Nervi’s methods of construction, 
particularly in the development of prefabri- 
cated materials. Reinforced concrete con- 
struction, particularly favored by Nervi, has 
been treated in great detail including his 
“ferro-cemento.”’ A great number: of ex- 
planatory construction sketches and detailed 
photographic treatments supported by short. 
text, concentrating on the basic elements. 
involved, are included. 
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Title No. 55-48 


- Concrete 
Space 
Structures—--- 


Relation Between Form 
and Structural Design 


Concrete has brought to the architect and structural engineer new techniques of 
design with fresh possibilities of form and shape. By its use, enclosed space can take 
many shapes other than the rectangle to which low tensile materials such as natural 
stone had once limited it. The evolution and potential of these concrete space’ 
structures is briefly presented. : 


A. M. HAAS e e e e e e e e e e e e e e e e e e e e e e e e e 


@ THIS SUBJECT OF SPACE STRUCTURES is born out of urgency, There is a 
great need for it. There exists a lack of understanding between the masters of 
form, and of structural design: the architects and the structural engineers. 

Especially in the domain of concrete space structures are new techniques 
being worked out, new structures created, and fresh possibilities as to form 
and shape grasped. In the midst of a rapid and fantastic development of 
concrete construction, the architect can hardly keep up. Is this because the 
pace is too rapid and dynamic, or because architects have not learned to think 
in terms of three dimensional structures, or have not educated themselves to 
do so? ) 

In the past, architectural physical planning was always limited, among 
other things, by the structural capabilities of the materials used. The sta- 
bility of low tensile materials (such as natural stone) required huge, vertical, - 
supports close together and aligned more or less on rectangular patterns. 
With the discovery of the possibility of vaulting for low tensile materials and 
the availability of concrete that can easily take the required form, supports 
were pushed much farther apart, and the rectangular ground plan could be 
abandoned. Enclosed space started to take other forms. Varieties of space 
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arrangements and shapes were possible as a result of mass construction in brick, 
natural stone, and concrete. This gave Byzantine, Islamitic, Gothic, and 
Renaissance architects inspiration to manipulate space into forms unknown 
before. The recent introduction of materials strong in tension, i.e., steel 
and reinforced concrete, has further promoted this tendency in space manipu- 
lation. Supports were pushed still farther apart, with units of space taking 
more horizontal proportions. 

Apart from a few striking examples, reinforced concrete has been used in 
the traditional forms of the older materials of construction. In timber as 
well as in steel structures, one-dimensional elements are used to build up the 
structural skeleton. Following this pattern, reinforced concrete structural 
members of the post and lintel (or beam) type were used. The sequence of 
load bearing, and consequently of the load distribution to the supports, may 
be described as panel (spanning in one direction) to beam, beam to girder, 
and girder to column (Fig. 1). Although easy to calculate, this in no way 
does justice to the special properties of reinforced concrete. It is not economi- 
cal and in principle is noncontinuous and nonmonolithie. 


THREE-DIMENSIONAL STRUCTURES 


To quote, such construction is “as economical as if three men carrying a 
piano would perform their task climbing on each other’s shoulders with the 
top man actually holding up the piano” (Masur, Illinois Institute of Tech- 
nology). 

Now concrete may at any point take compression in every direction. We 
may define this in three dimensions mutually perpendicular to each other. 
Thus mass concrete may, at the same time, function in compression in three 
dimensions. If we confine ourselves to two-dimensional elements such as 
slabs, we then, for practical purposes, restrict this statement to two dimen- 
sions. 

Reinforcement may be arranged in such a way that it takes tensions follow- 
ing a two- or three-dimensional scheme by using wire mesh or cube reinforce- 
ment. There are structures in which advantage is taken of this two- or 
three-dimensional distribution of stresses. To them belong the rectangular 
plates utilized in two dimensions, and also the circular plates. More typical, 


--{1 Fig. 1—Load distribution in post and lintel 
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and utilized in three dimensions are the flat slabs, shells, and reservoirs; they 
will be defined as concrete space structures. 

A plate may be used for bending as well as for resisting forces in its plane 
such as axial load and shear forces, and thus create forms of maximum struc- 
tural efficiency. The slab is an active structural element, monolithic in 
character, which should be designed, 
calculated, and reinforced on that 
basis. This is particularly true for 
the circular plate, and for the circular 
footing as well. Circular plates are 
more economical as to amount of ma- 
terial used. Designers too often fall 
back to the rectangular grid of beams 
for two reasons. They have been 
trained in the orthogonal scheme of 
thinking and consider circular plates 
more difficult to calculate because the formulas are not at hand. 


A. M. Haas, professor of concrete and 
concrete construction, Institute of Tech- 
nology, Delft, Netherlands, has many 
years experience in the field. His con- 
struction experience spans three conti- 
nents. In addition to the Netherlands, 
he has worked in the United States, and 
the Netherlands East Indies. A member 
of ACI, Professor Haas has been on the 
faculty at Delft since 1953 and is also 
president of the Netherlands Concrete 
Association and of the Netherlands 
Committee for Concrete Research. 


If a slab is curved out of its plane, we enter into structures of three-dimen- 
sional stature. Representatives are flat slabs and shells. Flat slabs are 
really three-dimensional structures (the columns belong to them) and capable 
of carrying heavy loads. Shells, on the other hand, excell in having little 
dead weight and are especially adapted to roof structures. 


Planning of space structures 
When a design is to be made, and this applies especially to the initial and 


preliminary design, all the requirements should be put together and to a 


certain extent each should be met. There are first of all the requirements of 
the space enclosure and the layout, the general plan. Then there are the 
demands as to lighting, thermal insulation, acoustics, ventilation, and air 
conditioning, also the adaptation of the building to the surroundings. Last, 
but not least, the structure itself should be so designed that stability, stiff- 
ness, and strength result. Finally the design should be an economical solution. 

In the case of concrete space structures the last two items, structural re- 
quirements and economy, are of primary importance. We have developed 
such calculation techniques that almost any fantastic architectural design 
may be made structurally possible. These acrobatics, and the subservience 
of the clever structural engineer, certainly have disadvantages. The possi- 


“pilities of analysis are such that the consulting engineer hardly calls a halt 


to the conceptions or caprices of the architect. If architect and engineer 
were cooperating on a more equal basis, and understood each other better, 


the result would be a more harmonious and well balanced design, and prob- 
_ably a more economical one. ; 
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negative moments in flat slabs 


FLAT SLABS 


Flat slabs, being three-dimensional frameworks, should be designed with a 
sufficiently large flare-head (column capital) that the negative bending mo- 
ments over the column head may be taken easily and at low cost. The floor 
area in which these negative moments appear is comparatively small in relation 
to the large area taken by the positive moments (F ig. 2). 


The column capital usually slopes about 45 deg., allowing for a drop panel 
if needed. Formwork is rather practical and comparatively inexpensive, but 
provision for negative moments may lead to heavy and clumsy looking capitals, 
especially when large columns are needed. For warehouses and storage build- 
ings, this does not necessarily look ugly, but indicates the bearing function 
(Fig. 3). However for all those structures not designed for heavy floor loads 
other forms, even a curved outline for the column capital, will serve as a better 
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Fig. 3—Typical use of column 
capitals in storage buildings 


Fig. 2—Relative areas of positive and 
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solution (Fig. 4). If the columns are cast first including the capitals, it allows 
for many re-uses of the formwork. 

There is an increasing demand from architect’s offices to do away with 
capitals. This is possible but expensive. For larger spans, provisions should 
be made to take the negative moments at the column head by inserting a 
steel structure at that location. This is an expensive means and should only 
be used in cases of necessity. It is much better to convince the architect 
that a capital—be it small—will be the right thing to have. Many floors 
having beams protruding below the slabs are everywhere accepted; there- 
fore a small flare-head at the springing of the column should not be detri- 
_ mental. In the Netherlands for housing projects, the column capital is already 
accepted and has acquired its place in architectural design. 


- Uses of flat slabs 

a Among progressive architects there is a growing tendency to use flat slabs 
~ on a column network of large spacing. In housing you will thus have only 
- a few columns per flat. Furthermore it affords the architect freedom in 
placing partitions as he sees fit. The bearing capacity of flat slabs is such 
that they can always support a partition (of steel, brick, lightweight concrete). 
_ Moreover in multiple story construction the contractor has a series of con- 
tinuous flat floors under which the remainder of building activities may be 
accomplished regardless of weather. 


In industrial building too, little attention has been given to the specific 
character of the flat slab. Supporting columns are placed on the end lines 
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and column capitals are consequently cut in half. End bays similar to frames 
in traditional girder design are thus created. To build economically, a full- 
fledged column, including the capital, should be used for the end bays, re- 
quiring a setback of the first row of columns, with the edge of the slab at the 
approximate location of the zero moments (Fig. 5). This arrangement fits 
in well with the modern ideas of building construction in which there is a 
splitting of functions into two main items: the load bearing structure and the 
protecting skin (or envelope). 

Attention should also be given to openings in flat slabs. It is well known 
that they should be made in the center part of a panel. If they are made in 
or near a column capital, large disturbances in the load result, and stress con- 
centration may occur. In several cases a project clearly suitable for flat slabs 
could not be realized due to large openings (for staircases, elevators, etc.) 
near the columns. It is my experience that these adversities may be avoided by 
consultation between architect and designer at an early stage. It is of little 
use to redesign a given structure on a flat slab basis just before it is to be 
let for bids; the floor plan has been made firm and shifting of openings will 
no longer be considered possible. 


SHELLS 


Shells are even more typical space structures. Here there are few restric- 
tions as to shape. Any form of roof structure may be considered. There may 
be a close relation, or no relation at all, between architectural form and struc- 
tural design. In the first case a close cooperation should exist, especially 
in those cases where we move toward the limit of what will be structurally 
possible. Then the designer will advise the architect what is still possible, 
and, for a given network of columns, dictate concrete dimensions and height. 
The second case may result in a misfit that is an unsuccessful solution. The 
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Fig. 7—Shell roof without 
edge beams 


Ay 


architect, no longer being the creator of form, may give little attention to the 
- appearance as that of a space enclosing structure. He will just provide a 
skin or curtain around it and not care, or not know, about its functional be- 
- havior. A good example may be found in a factory designed by the author, 
a 22-bay north light structure. This had to be prestressed, and designed 
many times to meet the requirements of lighting, thermal insulation, and 
acoustics. It is a structure on the limit of possibility (131-ft spans). The 
architect did not touch the structural outline (Fig. 6). All he did after- 
ward was to put a wall around it in which one circular opening per bay was 
used. He completely concealed the structure itself. 

Attention may be called to the problem of how a shell should be presented 
in its outward appearance. The curved edge should be shown, or at any 
rate be seen; the question is whether this edge should be accentuated or not. 
This is a matter of circumstance and environment. The two extremes may 
be observed in the examples shown. The first one presents a number of 
circular shells built in Yugoslavia in which the edge is shown as an extension 
of the shell proper having the same thickness. In this case, with the shell 
projecting beyond the columns and designed without edge beams, there re- 
sults a well chosen solution harmonizing with the surroundings: a shell with- 
out pretension (Fig. 7). To accentuate the curved circumference of a shell, 
the edges are often thickened. An example is a butterfly shell at Rotterdam 
Central Station (Fig. 8). There is a growing tendency to omit edge beams in 


Fig. 8—Edge beams accent 
shell roof of railroad station 
at Rotterdam 
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the case of circular cylindrical shell vaults. This facilitates execution and 
at the same time enhances the beauty of the shell, giving it a loftier and more 
slender appearance. 


Double curved shells 


Double curved shells offer greater opportunities to designers and archi- 
tects alike. These are the domes and cupolas appearing in gracious and 
classic forms. Recently the hyperboloids and conoids have come to the fore- 
ground. The latter are shells having two opposite curvatures, one in a positive 
and one in a negative sense. 


Domes and cupolas are easily erected on a circular or elliptical ground plan. 
They more or less belong to each other. However it is by no means nec- 
essary to have a continuous solid curved edge beam to act as the lower and 
supporting rim of such a shell. The architect may also choose to support his 
dome at a number of individual (and isolated) points. A well known example 
is the MIT auditorium. When the architect decides to follow this course it 
is the plea of the designer that he choose points of support at regular distances 
on the circumference. This will make the designer’s work, and especially 
the part done by the mathematician, much easier. A rectangular ground 
plan may even be used. There are a number of solutions, from having shells 
of transition in between supports to starting out with inclined arches of sup- 
port, of which Nervi’s Salone at Turin is an example. 


Parabolic hyperboloids are not bound by any specific ground plan; they 
offer the architect more freedom to express himself in forms which his imagina- 
tion may shape. These shells do have a few advantages, for one, the surfaces 


are made up of systems of straight lines which allow the use of straight 
reinforcing bars. 


The height of the structure is not laid down in a simple rule. It may, to 
a certain extent, be chosen at random; the limit being a height of zero, @.g., 
the plane or straight plate. Here we find a problem often overlooked. The 
surfaces may be conceived as coming into existence by twisting a plane plate. 
This means that shear forces will be acting in the plane which also may be 
instrumental in transmitting axial loads. However shearing stresses always 
give rise to two kinds of principal stresses, one being tension and the other, 
perpendicular to it, being compression. Therefore, in contrast with the 
double curved domes, this type of shell will always have tension stresses to 
be resisted. As a matter of fact these two kinds of stresses may be observed 
and traced on the surface of the shell: parabolas of tension and of compression. 


The tension and compression forces become higher as the pitch of the shell 
becomes less. 


Prestressing shells 


The tensions may be of such magnitude that they cannot be efficiently 
taken by reinforcement, which has led to the application of prestress in a few 
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_ Fig. 9—Folded plate roof in Denver shows architectural possibilities of this type of 
construction 


necessary cases. In the Schwarzwaldhalle, a better shell structure (from the 


designer’s point of view) could have been achieved if the curvatures had 
been more pronounced. In both directions the shell has been prestressed ; 
in the longitudinal direction 2000 tons of prestress had to be applied. 

In several instances the shape of the shell is such that a classic calculation 
will not be possible or will not lead to reliable results. In that case two possi- 


bilities remain, one theoretical and one experimental. The shell may be 
~ assumed to be a membrane or to act as one. The bending moments emanating 
- from the edges may be considered as disturbances of the membrane stresses 
and be calculated on that basis, at least in the case of axially symmetrical 


shells (having an axis of rotation). Another solution is to make a model on 


- reduced scale, test it and take stress and deflection readings. 


FOLDED PLATES 


Folded plates may be mentioned in this connection. They are sometimes 
used instead of shells for two reasons: they are easier to calculate, and they 
may afford savings in construction. There are several simplified methods for 


calculating these structures. They may be assumed to be a series of planes 


stiffly connected to each other and capable of transmitting large axial forces. 


Compared to shells we find that for equal spans the amount of concrete will 


be greater, roughly 114 to 2 times, so that they will be limited to shorter 
spans. Interesting and striking architectural results may be achieved; as 
illustrated by examples from Denver (Fig. 9). 

PRECAST CONSTRUCTION 


The architecture of precast structures is a chapter by itself, which will only 


~ be touched on. In considering precast concrete space structures we should 


reflect first on the underlying principles. In all cases we have to deal with 
structures built by assembling precast units, forged into a single unit by 
making the joints work together or by prestressing the whole, and the design 
should be executed accordingly. 

In precast shells a new era is dawning. Nervi, in this respect a forerunner 
and master, has graciously combined precast and cast in place concrete. In 
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| 
Fig. 10—Sports Palace at Rome, Italy, by Nervi, is example of a shell dome made 
of precast units. 
his Rome sport palace (Fig. 10) he constructs a dome of 200 ft diameter by : 
- .  * ' 
means of small precast diamond shaped pieces and then joins them together — 
with a thin concrete skin on top. 
Presented at the ACI 11th regional meeting, Detroit, Mich., Oct. 27, 1958. Title No. 55-48 is a part of } 
copyrighted Journal of the American Concrete Institute, V. 30, No. 7, Jan. 1959 (Proceedings V. 55). 3 
Separate prints are available at 50 cents each. : 

American Concrete Institute, P. O. Box 4754, Redford Station. Detroit 19, Mich. 


Discussion of this paper should reach ACI headquarters in triplicate by 
Apr. 1, 1959, for publication in the Part 2, September 1959 JourNAL. 


eh 


NSS ee eS Pe 
" 7% ue 


Wiiee gs OTe mh eee 


~\ 


hae rel ae Da 
ia al 


= 


Title No. 55-49 


Criteria 
for modern 
specifications — cowaro a. asunnur 
and control es: H, TOTAL 


A PHILOSOPHY OF SPECIFICATION WRITING is advocated which will take full advantage 
of engineering knowledge, modern equipment and methods, and the statistical 
control of the end product. To accomplish this, “design criteria” for specifications, 
modeled after structural design procedures, are suggested. 

An example of design criteria making use of “self-functioning” features, auto- 
mation, contractor motivations, end-product provisions, use of reference specifi- 
cations, uniformity requirements, investigation of local conditions and practices, 
use of statistical methods, use of labor reducing features, elimination of expressions 
such as “‘approval of the Engineer” which cannot be evaluated by the bidder, and 
in general, deciding what is needed and requiring it clearly, is given. 

Realistic up-to-date specifications, trained and capable inspectors, and intelligent 
supervision by field engineers will result in maximum return for construction funds. 


HE increasingly accelerated pace of construction, winter operations, 

shortage of qualified technical personnel, shortage of materials, rising 
costs, higher and more complex design standards, and the requirement that 
uniform quality be maintained on a project to increase the life of structures 
and decrease maintenance, necessitate the use of quality control methods in 
construction. 

Quality control is the establishment of a proper level of quality required 
for a given project, and the controlling and conducting of all operations 
to provide a degree of uniformity that will assure, within a given degree 
of probability, that the required level will be attained... It will, by eliminating 
waste, save materials and lower costs. Uniformity is attained most readily 
by increased automation, which in turn lowers contractor’s costs, as labor 
is usually the most expensive factor in construction. 

Quality control cannot be attained, however, without proper specifications. 
These constitute, in fact, the first step in control. Unfortunately, most speci- 
fications are copied from others, originally written for entirely different 


In addition, once a provision is written, it becomes static by the 


situations. 
This tends to 


very fact it is in print in a relatively permanent document. 
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make specifications rigid and reduces the flexibility needed for proper quality 
control. Yet, specifications are in many ways as important as the design of 
the project. 


Nevertheless, too often specification work is delegated to an employee of 
minor rank compared to that of the designer. Specifications should be as 
carefully “designed” as structural features of a project, and should be carefully 
tailored to each situation. They should, therefore, be entrusted only to 


@ EDwarpd A. ABDUN-Nur, consulting engineer, 
Denver, served as a consultant on the Northern Illinois Toll Highway where he conducted a 
materials survey, set up quality control, and developed new standard specifications. Active in 
ACI since 1948, Mr. Abdun-Nur is currently a member of ACI Committee 214, Evaluation of 
Results of Strength Tests of Concrete; Committee 611, Inspection of Concrete; and Committee 
617, Specifications and Recommended Practice for Concrete Pavements and Bases. Prior to 
establishing a private consulting practice, Mr. Abdun-Nur was affiliated with the U. S. Bureau of 
Reclamation; the Denver District, Corps of Engineers; and a number of other governmental 
agencies. 


@ Lewis H. TUTHILL, concrete engineer, 
Division of Design and Construction, California State Department of Water Resources, Sacra- 
mento, has been an active ACI member since 1996. He is presently a member of the Board of 
Direction, and is chairman of ACI Committee 611, Inspection of Concrete, and ACI Committee 
614, Recommended Practice in Measuring, Mixing, and Placing Concrete. Prior to 1956, he 
was chief of the Concrete Laboratory, U. S. Bureau of Reclamation, Denver, with which he was 
associated for 17 years. Throughout his professional career, Mr. Tuthill has been closely asso- 
ciated with specifications for concrete and with its control. ‘ 


—_—___—_—_—_—_—_——_::?—\kgxYxYv[[][xwwU———— 


creative engineers with broad experience and with full understanding of design, 
construction, materials, contracts, control and inspection, and with a pro- 
gressive philosophy of engineering. Creative specifications require men 
willing to use progressive ideas, willing to think a program through, and in the 
strength of their convictions, stand up and defend their work if need be. 


There is no perfect specification or quality control, any more than there 
is a perfect design. This does not detract, however, from the value of incor- 
porating in specifications and control the best thinking and the most applicable 
and progressive methods that will permit the job to be done satisfactorily 
and most expeditiously, and be of the desired quality. This will result in a 
structure that will serve the purpose for which it is intended with least delay 
and interference from maintenance, and which will have the longest possible 
economic life. 


The close interdependence of quality control and specifications makes it 
unfortunate that too frequently specification and materials departments are 
separate entities. Ideally, the two should be merged or closely coordinated 
by one individual who, in addition to experience in these two fields, should 
also be well versed in design and construction. This is difficult to achieve in 
large organizations where specialization is the order of the day. Engineering 
consultants, who not only bring in a rounded viewpoint, but are unfettered by 
organizational precedence, often provide the best solution. 
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DESIGNING SPECIFICATIONS 


In “designing” specifications one can borrow from the design field, and 
start with a set of “design criteria’? developed specifically for a given speci- 
fication. Such criteria modified from one project to another as conditions 
may require, become “specifications” for the specifications themselves. The 
following criteria were used by one of the authors in developing the standard 
specifications for the Northern Illinois Toll Highway: 


1. Choose quality desired and be willing to pay for it, rather than leave quality to 
chance by depending on the lowest price. Within the level of quality desired, take the 
lowest price. 

2. Require as much uniformity as possible at the quality level decided on. 

3. Use “self-functioning”’ features that operate properly without constant attention, 
such as staying with a certain material or source once it is chosen for the job. This re- 
duces variations resulting from accelerated construction. 

4. Specify automatic features that eliminate or reduce reliance on the human ele- 
ment, such as electric moisture meters, or interlocking of sequences in batching plants. 

5. Write in motivations to make the contractor want uniformity and strive for it 
instead of being against it, such as a strength requirement that permits him to save ce- 
ment with increasing uniformity of operation. 

6. Provide penalties for lack of uniformity to influence the contractor to cooperate 
in getting uniformity, such as a provision for extra cement if tests indicate low strengths. 

7. Use end-product provisions that permit maximum ingenuity to be used by the 
contractor to attain desired results. 

8. Include, by reference, standards and recommended practices developed by un- 
biased organizations such as ACI, AASHO, ASTM, and others, in lieu of test procedures 
detailed in the specifications. Standards are important items in all careful engineering, 
but should be modified or replaced by other methods if the job situation makes it ad- 
vantageous to do so. 

9. Examine carefully and critically recommendations of manufacturers and trade 
associations, and require supporting evidence before adopting. 

10. Investigate thoroughly local conditions and problems before starting. There is 
no substitute for thorough study of the local facts and conditions in developing realistic 
specifications. 

ii. Tie specification provisions to designs and control program so that desired end 
result can be obtained. 

12. Use statistical methods wherever possible. This substitutes statistical prob- 
abilities and averages for guesswork. 

13. Require proved methods, but do not close the specifications to features that can 
be adapted from other engineering experience, or that have enough evidence to assure 
success. 

14. Permit flexibility as long as uniformity is maintained. 

15. Keep restrictions at a minimum, unless experience has shown that they are 
needed to improve or facilitiate the work. 

16. Specify provisions that reduce labor, both to do the job and to engineer the work, 

~ such as winter protection by insulation and lump sum items. 

17. Avoid the use of brand names or “or equal.’”’ Specify requirements and allow 
anyone that can meet them to contribute to the success of the project. 

48. Eliminate as far as possible terms similar to “discretion of the Engineer,” or 
“approval of the Engineer.” Some study of what really is required will usually eliminate 
‘need for these costly phrases used by the lazy or uninformed specification writer. 


be 


762 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1959 


19. Keep requirements high: 

a. One can relax when an absolute need arises, but cannot strengthen weak 
specifications without increasing cost and getting into trouble. 

b. Relaxing, when required, is then from a position of strength which gives 
advantageous bargaining power. 


APPLICATION TO ACTUAL SPECIFICATIONS 


Choice between materials of same class 

Each material within a class, such as aggregate or cement, has a certain 
degree of variability. In addition, there are variations between individual 
sources or brands in a class or group. Therefore, the fewer such individual 
materials used within a class, the less variability and the more inherent uni- 


formity. However, this principle has to be applied judiciously and with © 


care, as it can become restrictive beyond gain. Unless there are reasons for 
eliminating a specific material within a class, one can avoid restrictiveness 
by leaving the choice to the contractor, but requiring that once the choice 
is made, he must use the same material throughout the job. This becomes 
a “self-functioning” feature. 


Lump sum items 
Lump sum items reduce the amount of measurement work demanded of 


undermanned engineering crews, and therefore contribute to getting the 


work done properly by releasing engineers to concentrate their efforts on 
more important functions. This is a self-functioning feature. 


Aggregates 

Aggregates comprise the largest single ingredient in concrete. The more 
uniform the aggregates, the more automatically their variations can be meas- 
ured and compensated for, and the more readily uniformity can be attained 
in the mixed concrete. Unfortunately, coarse aggregate segregates and suffers 
particle breakdown every time it is handled. In most operations, coarse 
aggregate has to be handled several times before it is incorporated in the 
concrete mix, and therefore this segregation and breakdown become important 
factors. 


One remedial measure is to narrow the range in which each of the sizes of 


coarse aggregate is produced, thus making the particles in each size range more 


nearly of the same dimension, and reducing segregation in handling. It is 
accepted practice to separate coarse aggregate for paving concrete into two 
size groups. This reduces segregation, but does not eliminate it to the point 
of providing a high degree of uniformity in finished concrete. A four-size 
separation would provide a desirable degree of uniformity in the concrete, 
but, practically, a two way split is about all that can be expected on most 


work using aggregate up to a maximum size of about 2 in. 


A second measure that is frequently used to compensate for segregation 
and degradation is finish screening, with the cleanly screened aggregate going 
directly to the batching bins. This achieves a three-way improvement: 
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1. Remixing immediately before use, thus reducing the effect of previous segregation _ 
and increasing uniformity. 

2. Sharpening the separation between sizes, again increasing uniformity. 

3. Most important of all, it rejects the fine undersize—the result of degradation— 
which also increases uniformity. This fine undersize has a most disturbing influence on 
the uniformity of the concrete mix. 


Savings from elimination of. restrictive stockpiling will, in most cases, com- 
pensate for the cost of finish screening. 

Fine aggregate, on the other hand, does not segregate badly. However, 
variation in moisture content introduces large variations in consistency of 
the final mix unless proper compensations are made. Here, the problem 
becomes that of measuring moisture content by some fast and simple method 
to permit compensating for it during batching. Electric moisture meters, 
installed in the weigh hoppers, give instantaneous moisture readings and 
record them, and are reliable, dependable, and reasonably priced. These 
readings are a valuable aid in adjusting the amount of mixing water to main- 
tain a uniform consistency despite variations in water content of the sand. 

The allowable range of variation in fineness modulus of fine aggregate 
should not be stated in absolute terms, but an occasional “out of limit” 
should be allowed. In most cases a requirement that 9 out of 10 fineness 
modulus tests have to be within the limits of variation of 0.20 from the average 
of the 10 is reasonable. Many operations can meet narrower variations. 


‘Miscellaneous 

Certain quality requirements, to insure that concrete with the desired 
properties and durability will result, can be controlled at the time of batching 
and mixing. They are: 


Maximum water-cement ratio 
Maximum slump 

Air content range 

Maximum size aggregate 


oo 


Some engineers would add a restriction on the minimum cement content. 
This last restriction is not really needed in a well controlled operation, since 
the other provisions effectively control the minimum cement content. It 
may give some a feeling of confidence to have it definitely set forth, but in 
such a case, it should be sufficiently low to permit the contractor to get the 
most benefit and savings from a well conducted and uniform operation. These 
quality requirements are found in most specifications, but are mentioned here 
to stress the fact that other measures for obtaining uniform strength and ~ 
economy are useless unless these factors are carefully controlled. 


Concrete strength 
Control of the strength of concrete introduces many problems, basically 
because strength is not known until 28 days after concrete has been placed in 
the structure, and too late to do much about if it should be low. Most speci- 
fications require a minimum strength which must be exceeded. Statistical 
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analysis indicates that this is a specification impossible to meet. The prob- 
abilities are high that no absolute strength requirement can be met 100 per- 
cent of the time. It is, therefore, more realistic to take a calculated risk 
based on probabilities arrived at by statistical methods, and allow a certain 
percentage of “lows.” By permitting a reasonable number of lows, the en- 
gineer can hold the contractor to a standard that is possible of attainment, 
and therefore can be enforced. The following example will clarify this concept. 

Assume that a paving concrete which develops a strength of 4000 psi at 
28 days is required. Table 1 lists the requirements for average strength 
which will have the probability of attaining the strength required under the 
assumptions shown at the top of the respective columns and under various 
conditions of variability. These values have been rounded to the nearest 100 
psi. 


TABLE 1—REQUIRED AVERAGE COMPRESSIVE STRENGTH AT 28 DAYS FOR 
4000-PSI CONCRETE WITH THE PROBABILITY THAT THE CONDITIONS 
SHOWN AT TOP OF COLUMN WILL RESULT 


Coefficient of Proportion below specified strength 
variation, percent link’ lin 10 1 in 200 
5 4200 | 4300 | 4600 
10 4400 4600 5400 
15 4600 5000 6500 
20 4800 5400 8300 
25 | 5100 . 5900 11,200 


The column ‘Coefficient of variation’? provides a numerical measure of 
the variability of the control. The smaller the coefficient the better the 
uniformity. A coefficient of 5 percent is rarely obtained in field operations, 
while a coefficient of 25 percent is not uncommon. Operations range between 
these figures. These generalizations are based on probabilities for a whole 
operation, covering several months under uncontrollable seasonal and job 
variations, having a sufficiently large number of tests to constitute a repre- 
sentative and dependable sample of the total concrete placed. 

The strengths in the column headed ‘1 in 200” indicate the unrealistic 
implications of specifying an absolute minimum, as even with an allowance of 
4 percent of the test results below the required strength, and an assumption 
of good control (coefficient of variation of 15 percent), the average strength of 
6500 psi required to be reached becomes out of reason. For poor control, 
the required average of 11,200 psi begins to sound astronomical. The num- 
ber of lows can be reduced by raising the average, but cannot be completely 
eliminated. It is, therefore, good engineering practice to take a calculated 
risk and decide on a percentage below the design figure that can be tolerated 
without danger. For a structure like a pavement, where a failure results 
only in a crack that involves little risk to life, as many lows as 20 percent 
below design strength may be justified. The table shows that for reasonably 
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good control (coefficient of variation of 15 percent), the requirement is for an 


average strength of 4600 psi, which is not unreasonable. For poor control 


(coefficient of variation of 25 percent), on the other hand, the required strength 
goes up to 5100 psi which begins to show up in excessive cement content. 

For a structure in which a failure has more serious consequences, a require- 
ment restricting the lows to 10 percent may be in order, although there are 
engineering organizations that allow as high as 15 or 20 percent. This still 
provides a safe structure for the following reasons: 


1. Experience has indicated that the strength of concrete in structures exceeds the 
strength shown by cylinders cured under standard conditions. 

2. Factors of safety are used in design work to take care of such variations. 

8. Individual batches are not usually concentrated at one point of a structure, but 
are mixed with other batches and distributed over a relatively large area, thus introduc- 
ing an averaging process. 

4. Surrounding concrete adds support and confinement. 


5. Variation is often in testing and not in the structure. 


Water-reducing agents 

Water-reducing agents are of special interest for improving quality control 
based on uniformity. In the first place, by varying the amount of agent 
added to the mix, a uniform water and cement content can be maintained 
throughout the year in spite of temperature and weather variations. This, 
in itself, is an advantage in obtaining uniformity. In the second place, these 
admixtures provide higher strengths by permitting a lower water-cement 
ratio, or lower cement factors by reducing the water requirements and main- 
taining a given water-cement ratio. Such compounds also tend to reduce 
many of the difficulties that develop in hot weather concreting. They help 
by extending the time during which concrete can be revibrated, thus avoiding 
many cold joints; by retarding the set sufficiently to permit finishing with 
less difficulty; and by reducing hot weather water requirements. 


Hot weather concreting 

Many hot weather difficulties are traceable to higher temperatures of the 
mix. By specifying a maximum temperature of the concrete as placed, it 
becomes immaterial whether the contractor uses cold water to cool his mix, 
or ice, or cools his aggregates. The advantages through lower concrete plac- 
ing temperatures, of lower water requirements, reduced shrinkage cracking, 
better quality and durability, higher ultimate strength, and lower range of 
contraction to the lower average temperatures the concrete reaches after 


hardening, are all well known. 


~ Cold weather concreting 


Cold weather concreting can also be specified in such a manner as to induce 
the contractor to choose methods that are most desirable, without placing 
undue restrictions, simply by making the desirable methods more profitable to 


him. Cool placing reduces loss ‘of slump, avoids fast set, keeps water require- 
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ments low, and reduces the thermal shock to cold air temperatures. ‘The 
trend is to place as close to 50 F as possible, in cold weather when mean 
daily temperatures fall below 40 F, and permit placing as low as 40 F in 
moderate weather. By the simple expedient of using insulating blankets or 
other insulating materials, the temperature of concrete can be kept from falling 
below 50 F through heat generated by hydration of the cement, thus resulting 
in low cost winter protection. Such protection is foolproof, free of the human 
element, and safe from dangers of fire and carbon dioxide. With the added 
use of 1 percent calcium chloride in the mix, and curing compounds on ex- 
posed surfaces or after form stripping, winter protection under these circum- 
stances can be reduced to 72 hr, provided that care is taken to avoid thermal 
shock when removing the protection. Few, if any, contractors would choose 
artificial heating methods if given this choice. 


Curing methods 

Other conditions permitting, if the contractor can choose among the various 
methods, he is most likely to choose the pigmented curing compound over 
other more cumbersome and expensive methods. From the control stand- 
point, it is a self-functioning feature, since once applied, it needs no more 
attention. Available equipment applies curing compound to pavement sur- 


faces automatically, and therefore provides advantages of uniformity and . 


automation. 


Truck mixing 

Truck mixing cannot be controlled as well as or easily as central mix con- 
crete or concrete batched and mixed at the placing end because it is impractical 
to send an inspector with every truck, and truck drivers may take liberties 
with the addition of water, the speed of mixing, and mixing time. One way to 
control this operation (until such time as equipment is developed to overcome 
the shortcomings), is to require addition of all water at the placing end, where 
an inspector can be in attendance. 


Batch plants 


Semiautomatic or automatic batch plants are almost obligatory on highway 
work as the speed with which batching has to be done for an efficient paving 
project is such that manual plants would delay the work. At peak operation 
of toll highway work, 120 to 150 batches per hr have to be batched to maintain 
full paving operations. The semiautomatic plant, where everything is auto- 
matic except dumping of the weighed batch into the truck, does the job 
effectively. Provided with recorders, and interlocks on the various gates, 
such a plant is nearly foolproof. Recorders, when provided, furnish a per- 
manent record which supplements normal inspection. 


All the features discussed above for controlling concrete operations help 
in attainment of the desired end product—a concrete with sufficient work- 
ability for placing, sufficient air for durability, and a minimum of cement 
needed to attain the required strength. 
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INSPECTION 


Language and requirements of specifications, no matter how complete and 
clear and forward looking, are only empty words unless they are carried out on 
the job by effective inspection. Some practices, like insulative protection 
of concrete in winter or sealing compound for curing, when once properly 
performed, are self-functioning in producing the desired results with prac- 
tically no further inspection. But there are many other practices, like the 
placing and vibrating of concrete, which require continual vigilant batch- 
by-batch inspection if results of intended uniformly good quality are to be 
assured. 

For this reason, along with the development of specifications, a continuing 
program of training and instructing field engineers and inspectors in the 
importance and meaning of specification requirements is essential. Only thus 
is teamwork created which transforms specifications from words into reality. 


FUTURE DEVELOPMENTS 


As we look into the future, there is promise of several developments which 
will enhance considerably present means of improving uniformity, quality, 
and proper control of concrete making. Foremost among these are: 

(1) Mechanical filters or other devices for reducing the moisture content 
of sand to a uniform and stable minimum. 

(2) Equipment that will automatically adjust batch weights to compensate 
for variation it detects in the moisture content of aggregate. 

(3) A method of beneficiating the particle shapes and surfaces of those sands 
and other aggregates which cause a high water requirement. With a range 
of from 220 to more than 300 lb of water required per cu yd in concretes 
that are similar except for aggregates, the benefits and economy from such 


: ‘development should be stimulating. 


(4) Batching plant equipment arranged so that a new mix can be simply 
dialed by mix number and the plant will reset itself correctly, with proper ad- 
justment for moisture in the aggregate. 


CONCLUSIONS 


The elements of specifications recommended here have all been tried on 
various engineering projects and proved to be practical. They will assure the 
maximum of uniformity and therefore of quality control. With the type of 
control and specifications advocated here, prices come down, bidders are more 
anxious to bid because of the opportunity to use ingenuity and increase profits 
and because of the lowered costs brought about by automation. The owner 
is better satisfied because he gets a better product with a longer life and re- 
duced maintenance, in most cases at lower first cost. 

The type of quality control and specifications advocated above requires 


_ereative engineering with full understanding of design, construction, control, 
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materials, contracts, and a progressive philosophy of engineering. It requires 
continual training to produce a team of inspectors who transform the words 
of the specifications into reality. For these results, such work must be placed 
in the hands of broadly experienced engineers who can administer the work 
fairly, can meet problems with quick and equitable decisions, and who are 
interested in and sympathetic to the objectives of uniformity and quality in 
their rightful place, along with speed, production, contractural relations, and 
administration. 
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Title No. 55-50 


setting time of concrete 
controlled by the 


use of admixtures 


By Raymond J. Schutz 


TERMINOLOGY AND DEFINITIONS of setting time are discussed, 
factors influencing setting time are reviewed, and methods of con- 
trolling setting time are described. Examples of construction projects 
that have successfully utilized set control to improve concrete quality 
and solve special problems are given. 


W uat 1s serrine TIME? Different trades define it differently. To some it 
means the time when concrete loses slump or workability, to others when 
concrete floors can be finished, when cold joints would occur between suc- 
cessive lifts, when pressure on forms ceases, or even when forms can safely 
be stripped. 

All these definitions of setting time are important to the contractor, en- 
gineer, or concrete supplier. For example, concrete placed in a conventional 
form may be mixed at a central mix plant and transported to the job site. 
Until it is placed there should be no loss in workability. The time it takes to 
stiffen is, therefore, the ‘‘setting time” that the contractor is interested in. 
After placing, the concrete must not seé before it is covered by the next layer, 
or cold joints will form. The loss in workability is not a factor here, but the 
“setting time” means that the concrete is alive enough to bond completely. 
Forms must be designed to withstand the hydrostatic pressure of the plastic 
concrete until it is set. This is the basis for another definition of setting time. 

Another type of “setting time” which is encountered is in concrete slabs 
or floor work, and knowing when to finish the slab can help the contractor 
in his operations and insure a good finish for the owner. In the case of bridge 
decks, such as composite bridges or continuous girder bridges, the setting 
time will determine the size of panels which a contractor can place. In this 
type of construction, the forms or girders will deflect due to the weight of the 
freshly placed concrete. If deflection occurs when the concrete is no longer 


plastic, cracks will develop. 
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Setting time must be defined. Arbitrary points must be taken on the 
setting curve, and the continuous process of loss of workability and gain in 
strength must be correlated with the needs of the engineer in the field. 


FACTORS INFLUENCING SETTING TIME 


Many factors affect setting time of concrete. In fact, even the definition 
of setting time is rather broad, uncertain, and arbitrary. Setting, even of 
neat cement paste, is a continuous process. When testing setting time, arbi- 
trary points are determined on a curve. For portland cement, these points 
are easily determined in the laboratory by use of the Vicat or Gilmore needle. 
But such testing provides the engineer or contractor in the field with little 


information as to when his concrete is going to have the stiffness or strength ° 


he needs for specific purposes. In the laboratory, normal consistency is used 
with the water-cement ratio so low it would rarely, if ever, be used on a 
construction project. In the laboratory, temperature and humidity are al- 
ways uniform, everything is standardized. But in the field, temperature and 
other conditions will vary. 


The following factors will influence the setting time of concrete: 


Variations in the cement, type, Size of the concrete member 

brand, composition, and age 
Temperature of the mix 3 tame F f 
Ambient temperature Bleeding characteristics of the particular mix 


Cement content of the mix Admixture used 


Slump and water-cement ratio 


Where concrete is to be used in flat slab work, the following factors will 
also affect setting time: 


Relative humidity Radiant heat of the sun 
Wind velocity Absorption of the subgrade or forms 


Type of cement 
There are five recognized types of cement, but only three available for 


general use, the normal Type I portland cement, the Type II or moderate 


heat of hydration cement, and Type III high-early-strength cement. Although 
ASTM specifications allow the same setting times for all three types of ce- 
ments, in general, the high-early-strength cements set the fastest, followed 
by Type I and Type II. There is a much greater difference in the rate of 
strength development in these cements, with high-early-strength cement doing 
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exactly what its name implies, and Type II cement developing strength 
rather slowly. Different brands, or the same brand from different cement 
mills may also have a different setting time. As an example, the Lehigh 
Valley in Pennsylvania is only about 150 miles from the Hudson Valley in 
New York, yet most Hudson Valley cements set faster than the Lehigh Valley 
cements, even of the same brand name. This is due to the nature of the raw 
materials available. In regard to strength, durability, and all other factors, 
excellent cements are produced in both regions. 


The cement manufacturer regulates the setting time of portland cement 
by the addition of gypsum so that it conforms to ASTM specifications, the 
test to be made under standardized conditions. These specifications are 
broad enough to permit portland cements to pass even if setting times vary 
greatly between types and brands. 


The more finely ground a cement of a given composition is, the faster it 
will set. More surface area is exposed for reaction with the mixing water. 


Age of cement 

Cement may change its characteristics with age, particularly if it is allowed 
to slowly absorb moisture from the air as sometimes happens during storage. 
Cement fresh from the mill often shows flash-setting tendencies. If it is 
still hot, it will set faster on account of the resulting higher mix temperature. 
Generally, the older the cement, the slower it will set. 
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Fig. 1—Temperature and brand of cement influence hardening characteristics of 
concrete mortar 
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Temperature 

The temperature—both initial mix temperature and the ambient tem- 
perature—will have one of the largest effects on the setting time of concrete. 
When portland cement sets, a chemical and physical-chemical reaction takes 
place. Like all chemical reactions, the reaction of cement and water is ac- 
celerated by heat and retarded by cold. An old rule says that each 20 to 30 F 
increase in temperature doubles the rate of chemical reactions. The influence 
of temperature is therefore enormous; cement mixed at 90 F hydrates or 
sets four times as fast as cement mixed at 40 F, (see Fig. 1) as was reported by 
Tuthill and Cordon. 


The hydration of cement involves a physical-chemical phenomenon causing 
formation of the cement gel or initial reaction product. The rate of this gel 
formation is governed by the temperature, which means that temperature 
not only affects setting time, but, as temperature increases, the concrete 
will lose slump faster because more water is being used in the formation of 


larger cement gels (see Fig. 2) as reported by Price.” 


Physical characteristics of the concrete 


Although the speed of a chemical reaction, such as hydration of cement, 
is not changed by greater or lesser dilutions, the apparent setting varies; 
{ (Fig. 3) as reported by Tuthill and Cordon']. What is being measured and 
what interests the engineer is not whether hydration has started or to what 
degree it is underway, but what the apparent stiffening effect is. If, for in- 
stance, water is withdrawn after placement, using the vacuum process, con- 
crete will ‘“‘set” and have sufficient strength to support its own weight within 
less than 10 min after mixing, when hydration has hardly started. 


The influences of the cement content and the other factors listed below are 
caused by the physical characteristics of the mix and the conditions to which 
it is subjected. 


Cement content—A high cement content results in a rapid build-up of heat. 
Gradually increasing concrete temperatures cause faster set. 


Size of the member—The size of the concrete member will influence setting 
time. In a large mass of concrete, the heat generated by the initial reaction 
cannot be dissipated very quickly, and the temperature of the concrete will 
rise, accelerating the chemical reaction. 


Slump—Slump will also affect the setting time of concrete. High slump 


_ concrete will set more slowly than low slump concrete. The excess water 
added to lubricate high slump concrete will take longer to bleed and evaporate : 


therefore the mix will remain plastic longer. 


Bleeding characteristics—The bleeding characteristics of a particular mix- 
ture will affect the hardening rate and setting time. A mixture which bleeds 


rapidly will lose the excess water added for workability at a fast rate and 
become stiff sooner. 
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EACH POINT REPRESENTS THE AVERAGE OBTAINED WITH 12 CEMENTS 


SLUMP, INCHES 


WATER-CEMENT RATIO MAINTAINED CONSTANT FOR ALL TEMPERATURES 
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Fig. 2—Loss in slump due to rise in mix temperature 
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Fig. 3—Richer concrete mortars (lower water-cement ratio) harden more rapidly 
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Other influences for slab and floor work 

In the case of concrete slab or floor work, the relative humidity, wind 
velocity, and radiant heat of the sun will affect the hardening rate, since the 
mixing water will evaporate faster when wind and sun are strong and humidity 
low. These three factors may often be the most important in determining 
finishing time. If humidity is low, and wind velocity and radiant heat are 
very high, water will be evaporated from the slab at such a rate that the top 
of the slab will dry out. The concrete will ‘“‘caseharden,” be very difficult to 
finish, and probably exhibit plastic shrinkage cracks. 

The absorptive capacity of the subgrade also determines the rate at which 
concrete dries and excess water is removed. All other factors being equal, a 
slab placed on nonabsorbent forms (steel pans, etc.) will take longer to set or 
harden than concrete placed on an absorbent fill such as cinders or crushed 
stone. 


Set-controlling admixtures 


Set-controlling admixtures should only have this one effect on the concrete, 
since the quantity used will, by necessity, have to be varied to suit job or tem- 
perature conditions. As an example, an admixture composed of an accelerator 
and an air-entraining agent could be used only in one proportion—using a 
larger quantity to accelerate the set of the concrete further might increase 
the air content of the concrete beyond allowable limits. Further, a set con- 
trolling admixture, whether it be a retarder or an accelerator, must not have a 
deleterious effect on any property of concrete considered essential for that 
particular use. Sugar, for instance, is a very effective retarder, but may not be 
necessarily good for concrete, as such, 


FIELD CONTROL OF SETTING TIME 


All factors which control the setting and hardening rate of concrete are 
additive. It can be realized that a complicated situation exists. 

Due to transportation costs, the cements which are available locally will 
have to be used. By careful job control the water-cement ratio can be regu- 
lated within practical limits. The concrete mix proportions can be controlled 
either by the testing laboratory or the engineer in charge. The size of the 
concrete member, of course, is determined by structural necessity. It is often 
possible to control the mix temperature or the temperature surrounding 


freshly placed concrete in the winter by using insulation or artificial heat.?4 _ 


In summer, shading, cooling aggregate, or adding ice as part of the mixing 
water are effective measures. In the case of slab work, tarpaulins or other 
windbreaks can be used to control wind velocity. 


By .use of admixtures, the setting time of concrete can be varied from 
15 seconds up to several weeks, and such setting time can be predicted. The 


use of admixtures for such purposes is a very valuable tool of construction 
(see Fig. 4). 
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Fig. 4—Effect of various admixtures on the hardening rate of concrete 


The control of setting time of concrete often solves many concrete field 
problems. Benefits obtained may be increases in quality, reduction in cost, 
the speeding of job progress, or a combination. Here are some examples of 
problems successfully solved with proper set control. 


Sealing pile cap forms = 

The west approach of the Tappan Zee Bridge is constructed of abutments 
supported on clusters of timber piles (Fig. 5). The specifications required 
that all concrete for these pile caps be placed in the dry. The contrac- 
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me yy) Fig. 6—Spandrel beam, Tap- 
3 gi os pan Zee Bridge 
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tor was faced with the problem of having the bottom of the pile cap 
form 3 ft below mean low tide, and sealing formwork around the piles was 
quite a problem. The contractor solved it by constructing the forms 18 in. 
below the specified depth of the pile cap. By placing 18 in. of concrete, 
made very fast-setting by the use of an accelerator, the contractor was able 
to dewater the pile cap forms the same day the quick-setting concrete was 
placed. The quick-setting concrete formed a perfect seal for the concrete 
cap itself, which, as specified, was then placed in the dry. 


Elimination of cracking due to form movement 


On the same project, the contractor and engineer worked together to pre- 
vent cracking of the large 70 ft long spandrel beams used on the east approach 
to the bridge (Fig. 6). The formwork for these spandrel beams was supported 
on three 36-in. I-beams. Calculations disclosed that the formwork would 
deflect approximately 114 in. due to the weight of the concrete to be placed. 
The capacity of the floating mix plant was such that it took 8 hr to fill the 
forms. The formwork would deflect continuously, and a part of this deflec- 
tion would take place after the first lift of the concrete was no longer plastic. 
Cracking would result. The contractor retarded the set of the concrete, 
using 1 percent of an adipic acid type retarder in the bottom lifts and less in 
the upper lifts. Concreting was completed in 8 hr. The entire 14 ft deep 
girder was then consolidated by revibration using internal vibrators. In this 
manner the beam was placed and hardened as a monolithic unit with no cracks. 


Elimination of cold joints 


The center span of the Tappan Zee Bridge is of cantilever steel construc- 
tion. Eighty percent of the dead weight of this span is supported by the 
buoyant force of eight hollow concrete boxes. The only available dry dock 
for casting these boxes was not deep enough to allow floating of the boxes 
if they were completed before launching. Casting of the boxes was therefore 
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completed to within 714 ft of the top; then they were launched by flooding 
the natural dry dock. After the boxes were towed into the navigation channel 
of the Hudson River, concreting operations were resumed. However, the 
weight of the concrete to be placed was such that the draft of the boxes would 
increase and the bottom lift of newly placed concrete would be below the 
water line. 

The probability existed that river water would infiltrate the forms and 
damage the unset concrete or possibly sink the boxes. Placing in conventional 
separate lifts would have resulted in undesirable construction joints and 
added expense and clean up. The problem was solved by placing the concrete 
in three 214-ft lifts. The first lift contained 14 percent of an adipic acid 
type retarder. On completion of this lift a second lift of concrete 21% ft 
deep was placed containing 2 percent of an adipic acid type retarder. The 
two lifts were revibrated together, eliminating a cold joint. The job was 
closed down and 18 hr later the third 214-ft lift was placed. At this time, the 
first lift had set and gained sufficient strength to withstand the water pressure. 
The second lift was still plastic and could be revibrated with the third lift. 

In this manner two construction joints were eliminated and there was no 
danger of water infiltrating freshly placed concrete. This schedule was. 
carried out on all eight boxes.® 

Setting time governs the optimum time at which concrete can be revi- 
brated to effect an increase in strength and improve appearance. Fig. 7 
illustrates that the slower the set, the later and more effectively concrete can 
be revibrated. It is also shown that the optimum time for revibration is not as 
critical if set is retarded. 
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Fig. 7—Revibration of concrete 
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Fig. 8—United Electric Rail- 

road Tunnel, Providence, R. I. 

Roof section before repairs 
(above) and after 


Sealing of leakage 


Repair work quite often requires control of the set of concrete or mortar 
in its most extreme form. The repair of a tunnel, owned by the United Elec- ° 
tric Railroad, Providence, R. I., is a case in point (Fig. 8). It was carried 
out by sealing leaking areas with pneumatically applied mortar, flash set 
with an admixture. Hand sealing of leakage is time consuming and by using 
flash-setting pneumatically applied mortar, leakage was sealed at a very fast 
rate. - Calcium chloride could not be used as an accelerator when sealing 
leakage because water easily washes through the mortar before it is com- 
pletely hard. Further, to flash set shoterete mortar with calcium chloride 
could develop so much heat that cracking might result. 

Isolated cracks could not be sealed economically with pneumatically applied 
mortar. These were hand sealed using a quick setting mortar, produced by 
mixing portland cement with a good quick set admixture causing the mixture 
to set in 15-20 sec. 

Voids and fissures behind the concrete arch of the tunnel were filled by 
pressure grouting with cement-sand grout. A retarder was added to delay | 
the setting time of the grout. This added time permitted pumping the grout 
greater distances from one drill hole, insuring complete filling of all voids 
and fissures economically. 


Continuous girder bridges 


Continuous girder bridges are another type of structure in which control 
of set can mean the difference between a perfect job and a job which exhibits 
cracking. As the concrete deck is placed on continuous girder bridges, the 
weight of the freshly placed concrete deflects the girders, causing a negative 
moment which will crack concrete if it is no longer plastic. The normal 
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' , Former placing sequence 
New placing sequence 
1 4 2 3) 3 
1 2 | 3 4 5 


' Retarded Retarded 


Fig. 9—Concreting sequence for continuous bridge deck 


procedure for concreting the deck on such a bridge is to place the concrete in 
alternate panels, placing the concrete first in the positive moment areas (Fig. 
9). Such a method is expensive, since the contractor has to wait until the 
concrete gains strength and then bring back his screeds and finishing equip- 
ment to place the alternate panels. Also, in such instances, the joint spacing 
is rather close and causes a maintenance problem. This method, at its best, 
is not perfect. If the concrete were retarded sufficiently, deflection would 
take place when the concrete is still plastic and could deform. No cracking 


would occur, joint spacing would be normal, and cost would be reduced. 


This method has been used successfully on a number of bridges, including the 
Newark Bay Bridge. 


Composite bridges 


- Bridges utilizing composite construction are designed so that tensile stresses 
are carried by a girder and compressive stresses by a concrete slab (Alpha 
system). Before the deck is concreted, the bridge has no slab to take up com- 
pressive stresses. As concrete is placed, the girders will deflect. If the con- 
crete loses slump or sets before the entire span has been concreted, deflection 


of the girders due to the weight of freshly placed concrete will cause the 


stiffened or set concrete to crack. 


If the setting time of the concrete is sufficiently retarded the entire span 
can be placed before any setting or stiffening occurs. Deflection will take 
place when the concrete is plastic and cracking will be eliminated. This 
method has been used on bridges on the Garden State Parkway and the 
Maine and Connecticut Turnpikes. 


Where cast in place, post-tensioned composite bridges are constructed, 
the setting time of the concrete used in the girders can be retarded sufficiently 
so that the concrete in the girders remains plastic until the slab is cast. In 
this manner, the entire bridge, girders and slabs, canbe cast as a monolithic 
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Fig. 10—Wolcott Avenue Bridge. Deck slab is cast after beams have been revibrated. 
Then vibrators are inserted through fresh deck slab and 12 in. into beams, thus unifying 
lifts into one monolithic structure 


unit, and revibrated together (Fig. 10). Casting in this manner eliminates 
the necessity for shear connectors and eliminates the cold joint normally 
found between girders and slabs. The Gorgas Lane Bridge in Philadelphia, 
and the Wolcott Avenue-Windsor Bridge in New Haven, Conn.,® were con- 
structed in this manner. 


Slip form work 


Slip form work requires careful control. Forms are supported by steel 
rods embedded in hardened but freshly placed concrete and are moved up 
at short time intervals. If the concrete sets too slowly, cave-ins will result, 
since the plastic concrete has not gained sufficient strength to prevent buckling 
of the steel rods which support the formwork and working platforms. If the 
concrete sets too fast, forms might bind and cold joints might occur with 
resultant leakage and maintenance expense during the life of the building. 
Slip form operations must proceed on a 24-hr basis. Since the temperature 
drops at night, the concrete will set slower at night and faster during the day. 
By keeping the set perfectly uniform, retarding the concrete more during the 
day, less at night, formwork can rise at a uniform rate. A suitable set re- 


tarder will cause concrete to gain strength faster after setting has taken — 


place. 


Central mixed concrete 


The use of central mixed concrete for highway or other construction is often 
limited to relatively short hauls. Some specifications permit only 20 min 
between mixing and placing, others up to 114 hr. Concrete must be placed 
before it has stiffened so that water will not have to be added for proper 
workability. Stiffening can be delayed, time intervals lengthened, and use 


of ready-mixed concrete expanded with resultant economies by the judicious 
use of a set retarding agent. 


| 
| 
| 
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Winter concreting 


Where there is danger of freezing of unhardened concrete, accelerators 
may be desirable; by speeding set, heat development, and early strength 
the concrete is out of the danger zone sooner.* 


CONCLUSION 


There are many factors, physical as well as chemical, which influence the 
setting time of concrete. Setting time and hardening rate should be adjusted 
to secure optimum quality and economy of concrete construction under vary- 
ing job conditions. This can be done by the use of varying proportions of 
single purpose admixtures that either accelerate or retard the setting time of 
concrete. 
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Title No. 55-51 presents an investigation of flexural bond in beams pre- 
tensioned with seven-wire strand of Y%, ¥e, and Y2 in. diameter. Primary 
object was to clarify the factors affecting bond action and strength, and 
to study the influence of certain variables on strand slip. The principal 
factor investigated was variation of strand embedment length. 

The experimental results are discussed in detail, and criteria are pre- 
sented for adequate design with respect to general bond slip of pre- 
tensioned strand. A hypothetical shape for the flexural bond stress 
wave immediately before bond slip is derived from the experimental 
results reported. 


FLEXURAL BOND TESTS 


of pretensioned prestressed beams 


NORMAN W. HANSON and PAUL H. KAAR 


| Ixy AMERICAN PRESTRESSING PRACTICE, pretensioning has de- 
veloped more rapidly than post-tensioning and a dominating trend has de- 
veloped in recent years toward use of the seven-wire prestressing strand. 
Associated with the use of strand for pretensioning, there has been an economy- 
dictated trend toward the use of increased diameter of strand. The 14 in. 
diameter strand was in common use in 1950. In 1956, extensive use was made 
of the 3% in. diameter strand, and some projects have recently utilized the 
1-in. strand. 

At this time there is no generally accepted method of predicting the bond 
performance of pretensioned strand; the effect on bond of these strand size 
increases is not fully understood. Bond studies of pretensioned concrete 
beams have, with few exceptions, been confined to prestress transfer bond, 
rather than flexural bond. The exceptions were studies by Janney? on flexural 
bond of single wire, and by Thorsen? and Norby and Venuti* on the relation- 
ship of flexural to transfer bond of pretensioned tendons. 

The work reported in this investigation was done in the Research and De- 
velopment Laboratories of the Portland Cement Association in 1955-57. The 
study was undertaken to assist in answering the often repeated query, ‘‘What 
is the maximum diameter of pretensioned seven-wire strand which one can 
safely use in a particular beam?” This question cannot be answered ade- 
quately without knowledge of the conditions under which bond failure may 
take place. Thus, the objectives of this investigation were primarily to 
783 
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develop a theory of bond action predicting ultimate strength in bond, and 
secondarily to study the influence of various factors on the bond performance 
of prestressing strand. 


Scope of tests 


The embedment length and diameter of strand were the principal variables 
investigated with respect to their influence on the bond performance of pre- 
tensioned prestressed beams. The influence of reinforcement percentage 


and reduction in concrete strength were investigated in a more limited manner. . 


In addition, pilot tests checked on the influence of strand surface condition 
and the effect of embedded end anchorages on pretensioned strand. 
Notation 


The notation proposed by the Joint ACI-ASCE Committee 323, Prestressed 
Reinforced Concrete is used where applicable: 


A, = area of tension reinforcement ff.’ |= compressive strength of 6 X 12-in. 
a = one-half the distance between layers cylinders 
of strand fs = stress in reinforcement at general 
= width of rectangular section bond slip 
= depth of compression zone at ulti- fre effective prestress in reinforcement 


mate moment ; stress in reinforcement at ultimate 
d = effective depth moment 
Yo = total circumferential area per in. f,, = yield strength of strand at 1 percent 
length of beam offset 


cu = tensile strain in concrete at level of k,k,; = coefficient determining average con- 
reinforcement at ultimate moment crete stress in the compression zone 


bas = tensile strain in reinforcement due to at ultimate moment 
effective prestress ky = coefficient’ determining position of 
tos = tensile strain in reinforcement at 


internal compressive force C 


ultimate moment } saad l = length of shear span from concen- 
€u = ultimate compressive strain in con- trated load to nearest support. re- 
crete action 
2 a l, = length of transfer zone 
: €ou ti = embedment length of strand 
= ratio of strain increase in the steel = distance from section of maximum 
relative to strain increase in the con- steel stress to free strand end 


crete at the steel level M,. = cracking moment 


i 
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Mier = calculated ultimate flexural moment q, tension reinforcement index 


=. , 
“Must = measured moment at ultimate U; = bate bond stress over entire em- 
strength : bedment length as defined by Eq. 
10 
Moona = Measured moment at general bond wu’ = ne bond stress between end of 
slip transfer zone and a section of maxi- 
mum strand stress as defined by Eq. 
p = A,/bd = steel ratio (A1) 


ANALYTICAL CONCEPTS OF BOND ACTION 


In this discussion of bond in pretensioned beams, much use is made of 
Janney’s paper! on the same subject. 


Nature of bond 


Bond in pretensioned concrete beams is of two types—transfer bond and 
flexural bond. Transfer bond utilizes a part of the available tensile strength 
of the steel to establish compression in the concrete. Flexural bond results 
from the action of external loads on beams. After cracking, the increase in 
steel stress above effective prestress develops flexural bond stress between 
the steel and concrete. 


Transfer bond—Prestress transfer bond exists near beam ends after the 
load in the tensioned strand has been transferred to the concrete member. 
The length over which this transfer is made is termed the prestress transfer 
length, and depends mainly on the amount of prestress, surface condition 
of the strand, the strength of the concrete, and the method of steel stress 
release, which in these tests was gradual. Three factors which contribute 
to bond performance are adhesion between concrete and steel, friction be- 
tween concrete and steel, and mechanical resistance between concrete and 
steel. In the transfer zone, reduction in the tensile strain of the steel does 
not equal the compressive strain in the concrete at the same point. There is 
relative movement of steel and concrete, and accordingly adhesion cannot 
contribute to prestress transfer. Friction is considered to be the principal 
agent causing stress transfer from pretensioning steel to concrete. As the 
tension in the strand is released, the strand diameter tends to increase, thus 
producing high radial pressure against the concrete, which in turn produces 
high frictional resistance in the transfer zone. Mechanical resistance prob- 
ably contributes little to prestress transfer in the case of individual smooth 
wires, but it may be a factor of some significance in the case of strand. 


Flexural bond—Flexural bond of significant magnitude exists only after 
the concrete beam has been loaded to cracking. When the concrete cracks, 


the bond stress in the immediate vicinity of the cracks rises to some limiting 


stress, slip occurs over a small portion of the strand length adjacent to the 
cracks, and the bond stress near the cracks is then reduced to a low value. 
With continued increase in load, the high bond stress progresses as a wave 


from the original cracks toward the beam ends. The bond stress remaining 
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behind the wave is always lower than the maximum value at the peak of the 
bond stress wave. 

If the peak of the high bond stress wave reaches the prestress transfer zone, 
the increase in steel stress resulting from the bond slip decreases the strand 
diameter, reduces the frictional bond resistance, and precipitates general 
bond slip. Following loss of frictional resistance, mechanical resistance is 
the only factor which can contribute to bond between concrete and steel. If 
the beam is prestressed with clean smooth wire this resistance will be slight, 
and the beam will quickly collapse after general slippage has occurred. If 
the wire is rusted, the resistance to slippage will be greater. If the beam is 
prestressed with strand, the helical shape of the individual wires will provide 
sufficient mechanical resistance that the beam can support additional load 
even after slip of the strand at the beam ends. This mechanical resistance 
of strand to continued slip will be discussed later. 


Significance of the F-value 


The ratio of steel flexure strain to apparent concrete flexure strain at the 
level of the steel has been designated F*: in an uncracked pretensioned pre- 
stressed beam the flexural strains in the steel and in the concrete at the level 
of the steel will be the same and F will equal 1.0. When a pretensioned beam 
cracks, a certain amount of local bond slip must occur on each side of each’ 
crack. From cracking load onward, the value of F will depend on the amount 
of local bond slip adjacent to the cracks. Where considerable local bond slip 
occurs, F can have values considerably below 1.0. 


This concept of the relationship between steel strains and concrete strains 
is a useful one in interpreting beam behavior, but the variable nature of F 
for strand-reinforced beams seems almost to preclude its determination. 


The ultimate flexural strength calculations for the test beams are based 
on an F of 1.0. Analysis of data® has confirmed this as a reasonable value for 
good bond conditions with 14 to %-in. tendons. 


COMPUTATION OF ULTIMATE FLEXURAL STRENGTH 


In analyzing the test data it was desirable to use the more precise methods of computing 
ultimate strength rather than simplified design equations, so that the relationships between 
test values and theoretical values might be determined as accurately as possible. 


All ultimate moments given as M,;.: in this paper are calculated using the ultimate strength 
factors, ki, ke, ks, and e, presented by Hognestad, Hanson, and McHenry‘ in a paper concerning 
the stress distribution in the compression zone of structural concrete flexural members. The 
ultimate strength factors were expressed as functions of concrete strength as follows: 


3900 + 0.35 fe’ 
k Ss 
iks 3 gy oe ie ed Aes ea (1) 
ke = 0.50 — fel ee (2) 
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Using these factors and a value of F = 1.0, the steel stress at ultimate flexural strength 
fe. was calculated by successive approximations as described by Janney, Hognestad, and 
McHenry®. Here, for beams containing steel at one level, we have from requirements of com- 
patibility of strains: 


c Fe, 
Fi eS Gi ae eee (4) 
From condition of equilibrium of concrete and steel forces: 
ou As 
The flexural ultimate moment is given by: 
WE SERN GS ay Do ear apie te omene oh oie aay On (6) 


In this calculation, ¢,,, is first assumed, and f,, is then computed using Eq. (4) and (5). The 
values of «,, and fs, so obtained are checked for compatibility with the stress-strain curve for 
the strand involved. Several trials may be necessary to establish this compatibility. The 
final value of f., so obtained is substituted in Eq. (5) to give the neutral axis depth c, which in 
turn is substituted in Eq. (6) to obtain the ultimate moment of resistance of the section. 

For beams containing steel placed in two layers, subscripts ¢ and b are added to the steel no- 
tation to denote top and bottom layer. The strain compatibility equations are then: 


Pe (1 - 4) Fe, (1+) 
CE d + d (7) 


d €sut — €se =e. Fe, €sub — €se Ai Fe, 


' The condition of equilibrium of forces leads to: 


pew CI A oon fo ein oe (8) 
ky ks fe! b 


The flexural moment is then given by the equation: 


Mtex = jimh As (dy = ke Cc) + Ved Ast (dy = ke Cc) Recta Stet a he aes (9) 


The values of fs, and é. for the two layers of steel are obtained by the method of successive 
approximations as before. Eq. (8) and (9) are then used to calculate the depth of the neutral 
axis and the ultimate moment. of resistance. 


TEST SPECIMENS 


Outline of tests ars 
The test program involved 47 beam tests divided into four series as shown in Table 1: 
Series 1—Highteen prestressed beams containing clean, smooth pretensioned strands were 

tested over various shear-span lengths covering a wide range. These beams contained, sep- 

arately, either 14, 34, or 4 in. diameter strand. These tests were conducted to evaluate the 


_effect of strand diameter and embedment length on bond performance. 
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TABLE 1—BEAM PROPERTIES 


] ‘ 

Beam Strand Beam | Beam Embed- Concrete Effective Per- 

series No. and width, effective Shear ment strength, prestress, cen 

and size, b, depth, span, length, Se’, ee steel, 

No. in, | in. d, in. I, in. ly, in. psi ksi Pp 
1-1 4 6.0 8.61 21 27 6040 141.0 0.279 
1-2 4 it 6.0 8.54 31 37 6620 141.0 0.281 
1-3 4 \% 6.0 8.56 36 42 7800 141.0 0.280 
1-4 4 \% 6.0 8.76 42 48 6040 141.0 0.274 
1-5 4 \% 6.0 8.67 84 90 6040 141.0 0.277 
1-6 4 \% 6.0 8.68 168 174 5980 141.0 0.276 
1-7 3% 6.0 8.56 21 27. 5730 129.7 0.467 
1-8 3 %&% 6.0 8.63 42 48 5730 129.7 0.463 
1-9 3 &% 6.0 8.65 84 5730 129.7 0.462 
1-10 3% 6.0 8.60 168 174 : 5130 144.6 0.465 
1-11 2h 6.0 8.40 21 33 5540 148.0 0.570 
1-12 2h 6.1 8.50 30 36 5600 132.0 0.555 
1-13 2% 6.1 8.50 34 40 6300 132.0 0.555 
1-14 2% 6.0 8.41 42 54 5540 139.0 0.569 
1-15 2% 6.1 8.44 60 66 : 5600 132.0 0.558 
1-16 2 3 6.1 8.31 71 77 5600 132.0 0.566 
1-17 2 6.1 8.69 84 90 5090 132.0 0.543 
1-18 2h 6.1 8.40 168 174 5090 132.0 0.561 
2-1 4 % 6.0 8.62 54 60 3700 124.9 0.618 
2-1R* 4 % 6.0 8.47 54 60 3700 124.9 0.630 
2-1At 4 % 6.0 8.41 54 60 3700 124.9 0.634 
2-2 4 %& 6.0 8.62 54 60 5420 119.4 0.618 
2-2R 4 % 6.0 8.44 54 60 5420 119.4 0.632 
2-2A 4 %&% 6.0 8.44 54 60 5420 119.4 0.632 
2-3 4 % 6.0 8.69 54 60 7230 121.2 0.614 
2-3R 4 % 6.0 8.56 54 60 7230 121.2 0.623 
2-3A 4 % 6.0 8.45 54 60 7230 121.2 0.631 
3-1 2 % 4.0 5.69 36 40 5020 146:0 0.316 
3-2 4 % 4.0 5.66 36 40 5720 142.0 0.637 
3-8 6 i 4.0 5.86 36 40 5900 113.0 0.921 
3-4 2 % 6.0 8.44 54 60 5300 134.0 0.316 
3-5 2 % 6.0 8.37 54 60 5400 131.0 0.318 
3-6 4 % 6.0 8.53 54 60 5300 136.0 0.625 
3-7 4 %& 6.0 8.54 54 60 5900 119.0 0.624 
3-8 6 %& 6.0 8.53 54 60 5450 132.5 0.938 
3-9 6 &% 6.0 8.07 54 60 5700 127.0 0.991 
3-10 2 8.0 11.47 72 80 6450 120.0 0.313 
3-11 4 8.0 11.40 72 80 135.0 0.6381 
3-12 6 8.0 11.33 72 80 5420 132.0 0.963 
4-1 1 % 4.0 5.56 28 34 5750 128.0 0.359 
4-1R 1% 4.0 5.56 28 34 5750 128.0 0.359 
4-2 1 4.0 5.59 28 32 5720 141.0 0.643 
4-2R 1 4.0 5.50 28 32 5720 139.0 0.654 
4-3 1 6.0 8.29 42 48 5430 147.0 0.289 
4-3R 1 6.0 8.40 42 48 5500 141.0 0.285 
4-4 2 6.0 8.38 42 5350 142.0 0.572 
4-4R 2 6.0 8.45 42 48 5350 147.0 0.567 


*R indicates use of rusted strand. 
tA indicates use of strand anchor embedded in conerete at beam ends. 


Series 2—In nine beams with %¢-in. strand, tested in three groups, the concrete strengths 
of the three groups were 3700, 5420, and 7230 psi. Within each group, one beam contained a 
rusted strand, one a clean, smooth strand, and one a clean, smooth strand with a “Strand- 


vise’ anchor within the concrete at each end. These tests were designed to evaluate primarily 
effects of concrete strength on bond performance. 


Series 3—Twelve test specimens comprising three sets of geometrically similar beams (b 
and d variable, but b/d constant) were prestressed with clean, smooth strands. The sets were 
reinforced with 14, 34, and 14-in. strands, one strand size in each set, and the number of 
strands per beam was two, four, and six. The tests in this series were intended to demonstrate 
primarily the influence on bond performance of variation of reinforcement percentage. 


Series 4—Eight beams were prestressed with 34 in. or Vg in. diameter strands. The beams 
were made in pairs, one with clean, smooth strand and one with rusted strand. The tests of 


this group together with Series 2, were expected to indicate possible effects on beam perform- 
ance of strand surface condition. 
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AND TEST RESULTS 


a, Cracking Mobond M teat Calculated 
4 fn moment, at bond at ultimate pil ate Moona Mics Mode of 
ae ; ie __ Slip, strength, Miu M siex M fez failuret 
c in.-kips in-kips. in.-kips in.-kips 
0.121 207.2 287 .0 337.4 296.9 0.97 1.14 B 
0.111 151.0 278.1 313.2 295.2 0.94 1.06 B 
0.094 146.2 299 .2 309.1 299.2 0.99 1.038 B 
0.118 206.1 _— 322.6 302.4 i L207 F 
0.120 202.6 — 322.3 298.1 = 1.08 F 
0.121 190.0 — 302.4 299.4 —_ 1.01 F 
0.196 241.9 380.4 423.0 411.4 0.93 1.03 B 
0.195 239.7 428.6 428.6 417.1 1.03 1.03 B 
0.194 238.3 —_— 464.1 464.1 —_— 1.11 F 
0.195 227.6 —_ 439.3 408.6 — 1.07 F 
0.261 292.0 399.7 418.0 488 .0 0.82 0.86 B 
0.251 200.5 295.0 429.5 493 .2 0.60 0.87 B 
0.223 269.8 380.3 450.3 505.9 0.75 0.89 B 
0.260 294.4 426.7 481.3 486.0 0.88 0.99 B 
0.252 248.5 439.0 457.0 488.4 0.90 0.94 B 
0.256 216.4 440.3 455.4 473.7 0.93 0.98 B 
0.270 243.1 — 503.4 495.0 _ 1.02 F 
0.279 256.8 — 474.9 470.0 — 1.01 F 
0.402 289.0 — 504.6 461.6 _— 1.09 ip 
0.410 289.9 —_ 493.8 453.7 — 1.09 F 
0.413 289.9 — 496.5 451.4 — 1.10 F 
0.298 314.2 451.9 492.4 535.0 0.84 0.92 B 
0.298 295.3 _— 549.1 526.2 — 1.04 F 
0.298 300.7 503.2 507 .3 517.6 0.97 0.98 B 
0,204 346.6 603.1 609.9 538.7 ele, 1.13 B 
0.207 326.3 603.1 607 .2 532.3 1.13 1.14 B 
0.210 327 .7 603.1 608.5 523.8 1.15 1.16 B 
0.160 59.3 88.1 94.4 92.5 0.95 1.02 B 
0.283 95.3 17207. 185.3 163.1 1.06 1.13 B 
0.397 115.1 210.6 210.6 204.0 1.04 1.04 B 
0.155 207.2 308.5 312.5 314.0 0.98 0.99 B 
0.138 151.9 259.9 259.9 285.0 0.91 0.91 B 
0.307 326.0 529.9 543.4 546.0 0.97 1.00 B 
0.248 211.3 454.3 465.1 463.0 0.98 1.00 B 
0.448 417.8 —_ 695.9 666.0 _ 1205 F 
0.409 332.8 643.3 643.3 561.0 1.15 Wat kes B 
0.123 466.9 589.3 681.1 766.0 0.77 0.89 B 
0.264 801.7 _ 1330.9 1296.5 — 1.03 F 
0.450 1035.7 1521 7 1602.7 1505.0 1.01 1.07 B 
0.147 64.8 79.8 79.8 92.0 0.89 0.89 B 
0.147 62.7 78.7 104.9 92.0 0.86 1516 B 
0.285 96.9 99.7 117.9 155.5 0.64 0.76 B 
0.290 92.7 148.7 148.7 151.0 0.98 0.98 B 
0.135 176.8 218.8 294.4 277.0 0.79 0.79 B 
0.131 189.3 302.8 302.8 280.5 1.08 1.08 B 
F271 281.8 363.7 425.8 477.0 0.76 0.89 B 
0.269 296.8 651.6 561.6 486.0 1.13 1,13 B 


+B designates bond slip to end of strand either before or at ultimate moment. 
F designates flexural failure without bond slip to end of strand. 


Materials 


All beams were cast by internal vibration of a 2-in. slump concrete containing 114-in. maxi- 
mum size aggregate. The cement was a blend of four brands of Type I portland cement. 
Moist curing under burlap for the first 3 days was followed by storage at approximately 70 F 
and 50 percent relative humidity. Concrete cylinder strengths for each beam specimen are 
given in Table 1, based on tests of at least three 6 X 12-in. cylinders cast and cured with each 
beam specimen, or each group of beams cast simultaneously in the pretensioning bed. 


The prestressing steel was seven-wire strand of 14, 3%, and 14 in. nominal diameter. Nomi- 
nal cross-sectional areas and circumferences are given in Table 2. 
The stress-strain curves to 1 percent offset are shown in Fig. 1. The stress is tension force 


| divided by nominal strand cross section, and the strain was measured by three SR-4 gages 


mounted on separate single wires of the strand. For purposes of beam test analyses, strand 
strain measured in beams by SR-4 gages was converted into stress by the applicable curve of 
Fig. 1. Note that there are two different steels used in the beams with 14-in. strand and three 


different steels used in the beams with 3%-in. strand. 
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TABLE 2—STRAND PROPERTIES All strand was cleaned of surface oil by 
; int washing in carbon tetrachloride. The rusted 
Strand Nae mom fellonal aaa strands used in special beam tests were ob- 
size, in. 4/8 xd, in. 7 __ tained by exposing the strand to a moist en- 
i 1.05 6.088 vironment for approximately 1 week. The 
33 486 0.144 rust coating so obtained was uniform without 
pitting. 
Instrumentation 


As bond failure is progressive rather than instantaneous, the test beams were instrumented 
to record the continuous development of flexural strains and the subsequent evidence of bond 
slip. Bonded SR-4 type A-12-2 strain gages were cemented along the helical individual wires 
of the twisted strand. The beams in Series 3 were instrumented with gages at 12, 15, and 20- 
in. intervals for 14, 34, and 14-in. strand size, respectively. To minimize reduction of surface 
area available for bond of any one strand, the gages were placed alternately on adjacent 
strands. Various gage spacings were used in beams of other series. 


In addition to their use during the testing of the specimens, the strain gages were used to 
gage the proper strand tension before casting of the beams. Strain gage readings were taken 
immediately before and after tensioning, and also before and after stress release to determine 
immediate losses. These losses at the beam center ranged from 1.7 to 7.3 percent of the initial 
wire strain. 


Dial indicators reading to 0.001 in. were used to measure beam deflections. Dial gages 


were also mounted at both ends of each beam to detect end slip of the projecting strand ends - 


relative to the concrete. 
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Fig. 1—Stress-strain curves of strand 


FLEXURAL BOND TESTS 791 


an 
a 


. 2—Typical test arrange- 
ment 


Test procedure 


All beams were tested to failure in a hydraulic testing machine as shown in Fig. 2. Beams 
of Series 2 and 3 were loaded at midspan through either a ball or roller arrangement. All 
other beams were loaded at two points through rollers spaced twice the beam width on either 
side of midspan. The beams were supported on concrete piers with a free roller at one end 
and a pivot at the other end. 

The strand tension was released at a concrete strength of 4500 psi except for the lower 
strength specimens of Series 2, which were released at a strength of 3500 psi. The beams were 
tested at the strengths shown in Table 1. 

The individual beam tests were generally conducted in about 30 min, with a continuously 
increasing load. The steel strains as indicated by the SR-4 gages were recorded continuously, 
and dial gage readings of deflection and strand slip were made without interrupting the loading. 


TEST RESULTS 


Typical beam behavior 
As an introduction to the discussion of test results, the test of a typical 
specimen of this project will be described in detail—Beam 3-10 of Series 3 
shown in Fig. 3. Electrical resistance gages were placed 40 in. apart on the 
two 1% in. diameter strands, staggered so that there were three 20-in. intervals 
on either side of midspan. Since the 160 in. long beam was tested on a 12-ft 
span, the gages were spaced to within 20 in. of the beam end. Strains were 
continuously recorded during the entire test from zero load to ultimate strength. 
A load was applied at midspan of the beam through a spherical loading block 
bearing on a 4 in. wide plate. 
Test results are plotted in Fig. 3. Strains have been converted to stresses, 
using the applicable stress-strain curve of Fig. 1. Strains before cracking are 
relatively small; they correspond to a stress increase above the prestress of 
less than 5000 psi, and flexural bond stresses are only 5 to 6 psi. These stresses 
are typical, however, of service conditions since service loads in pretensioned 
beams or slabs are ordinarily less than cracking loads. 


- 
o> 
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In this test, with the beam center loaded, the initial crack formed at Gage 
4, the center gage. At the cracking load of 12,450 Ib, the steel strain at this 
crack location increased sharply and continued to increase until the end of 
the test. As the loading increased, the wave of high strains, caused by the 
progressing bond wave, enveloped Gages 5 and 3 at either side of the center. 
The bond wave intersected Gage 5 at 13,100 lb and Gage 3 at 15,400 lb load. 
The strand stress increases caused by the bond wave did not originate only 
with the midspan crack. Other cracks formed at either side of midspan dur- 
ing the test, and strain increases were caused by waves originating with the 
midspan crack and nearby cracks. 


At a load of 15,500 lb, stress in Gage 5 began to decrease even though the 
beam load was increasing. This indicated bond slip; the initial slippage of 
the strand relative to the concrete caused some stress relaxation in the strand. 
This stress relaxation at slip reduced the strand stress only slightly, for fric- 
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Fig. 3—Load versus strand stress increase and deflection, Beam 3-10 
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tional bond and mechanical resistance of the twisted strand to further move- 
ment in the beam replaced the now-destroyed initial adhesive bond. From 
this load to complete failure the strain trace of Gage 5, as recorded, moved in 
small jerks, showing the sawtooth trace indicative of the development of a 
mechanical interlock resisting slip. 

Shortly after the bond slip indication at Gage 5, Gage 7, 40 in. away, showed 
a large strain increase followed by a reduction to a strain below the prestress 
level. The bond wave at this time had traveled to within 20 in. of the beam 
end. Since this location was within the prestress transfer length, resistance to 
flexural bond stress was only slight. 

The same bond phenomena can be traced on the other of the two strands. 
At a load of 16,100 lb, slip occurred at Gage 6. This gage was near the pre- 
stress transfer zone, and bond slip here was not as sudden as at Gage 7 well 
within the transfer zone. 

At the other end of the beam, it is apparent from the record of Gages 1 and 
2 that the strands did not fail in bond. The bond wave traveled from the 
center to beyond Gage 3, but did not reach Gages 1 and 2. 

General bond slip of both strands was indicated at a load of 16,100 lb by 
slip measured by dial gages at the protruding strand ends. Thereafter, the 
beam was loaded to 18,150 lb before crushing of the concrete at the top of the 
beam took place at midspan. Midspan deflections, shown in Fig. 3, increased 
rapidly after bond failure. 

This characteristic beam behavior shows that seven-wire strand, in con- 
trast to smooth individual wires, can develop additional beam strength even 
after general bond slip to the beam end has occurred. This result of me- 
chanical bond resistance is an extremely important characteristic of strand 
performance. 

Discussion of test results 

Interrelation of variables—If a strand is to be stressed to fracture at ulti- 
mate load of a beam, then there is a critical embedment length for each size of 
strand, which must be provided if bond slip is to be avoided. However, if a 
beam contains a high percentage of steel, or if the concrete strength is low, 
then flexural failure may occur by crushing of the concrete while the steel is 
stressed below its ultimate strength. In this case bond slip will not necessarily 


~ occur even if the embedment length provided is less than the critical length 


needed for the size of strand used to develop the ultimate strand strength. 
Thus concrete strength, percentage of steel, and embedment length are inter- 
related in design. 

~ Mode of failure—Thirteen of the beams failed in flexure without prior slip- 
page of the strand along its entire embedment length. The remainder failed 


in flexure after a general bond slip of the strands. The moment sustained at 


general bond slip and the ultimate moment sustained were both of interest in 
this investigation. Comparison of moments sustained at general bond slip 
and at ultimate beam strength with the theoretical ultimate flexural strength 


_ is presented in Table 1. 


Bar. 
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Strand embedment length—The effect of variation of strand embedment 
length on the moment at general bond slip and on the ultimate moment of 
resistance of a given section, is illustrated in Fig. 4, in which M,,; is the meas- 
ured moment at ultimate strength, Mona is the measured moment at general 
bond failure, and M;,,z is the calculated ultimate flexural moment. 


Beams having an embedment length from load to beam end of 80 in. or 
more failed in flexure by crushing of the concrete after yielding of the steel, 
before general bond slip could occur. As the embedment length decreased, 
failure occurred at progressively lower moments due to slippage of the strands. 
Failure by slippage of the strands occurred in two stages, (a) initial general 
slip of the strand along its whole embedment length, and (b) destruction of 
the mechanical interlocking effect between the strand surface and the sur- 
rounding concrete. In the case of strands with short embedment lengths, a 
considerable increase of load on the beam was possible between these stages. 
It should be emphasized, however, that the loading was of the static type. 
If such beams were subject to dynamic loading after the first stage of general 
bond slip, it is possible that the increase in load to reach stage two would be 
significantly reduced. Until dynamic loading tests can be carried out to cover 
this point, it appears desirable for design purposes to rely only on attaining 
a moment of resistance corresponding to general bond slip. 


One reason for the scatter of data in these tests is initial slip of the center - 


wire of the strand, which remained undetected by the strain gages. In several 
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Fig. 4—Performance of beams with various embedment lengths 


I 


ae 
— 


ee ee @ 6 


ii 


FLEXURAL BOND TESTS 725 


tests, the center wire had moved as TABLE 3— 

much as 0.1 in. relative to the sur- PERFORMANCE OF SERIES 3 BEAMS 
rounding six wires at ultimate beam Average | Average | Average 
strength. In cases where the strand aaa peteee Se ne 

had been flame cut, thus fusing the  3-1,3-4,3-5, 3-10 0,31 0.90 0.95 

strand end, the force exerted by the 3.338 39,312 | 0.95 106 1:07 


slipping center wire was in some cases 
enough to buckle the outside wires of the strand at the beam end. 


Percentage of steel—High steel percentages reduce the possibility of bond 
failure for a given embedment length because the steel stress at flexural 
failure is less in a beam with a high steel percentage than in a beam with a 
low p. It follows that, for a given embedment length, the average bond 
stress at flexural failure will be less in a beam with high steel percentage than 
in a beam with low steel percentage. The risk of exceeding the average bond 
stress at which general slip occurs for a particular embedment length is there- 
fore greater with a beam having a low percentage of steel. The beams of 
Series 3 illustrate this point (see Table 3). 


Reduction of concrete strength—The effect of reduction of concrete strength 
in a particular beam is to decrease the steel stress at flexural failure, with a 
correspondingly lower average bond stress over the embedment length. If 
the reduction in average bond stress due to drop in steel stress is greater than 
the reduction in the bond strength due to drop in concrete strength, then a 
failure due to general bond slip will be less likely in the beam with reduced 
concrete strength. Tests in Series 2 indicate that this is the case. These 
beams of identical cross section were tested with the same strand embedment 
length. The three beams of high strength concrete failed by general bond 
slip. Of the beams made of intermediate strength concrete, two failed by 
general bond slip and one by flexure. The low strength concrete beams all 
failed in flexure. 


From these tests it appears that reduction of concrete strength has more 
influence on ultimate flexural strength than on ultimate bond strength. 


Strand surface condition—The beams prestressed by rusted strand per- 
formed as well as, or better than, the beams prestressed by clean, smooth 
strand. Moment at general bond slip compared with beams having clean 
strand was improved as much as 53 percent in the case of Beam 4-2, although 
one beam (2-3) showed no significant improvement. The average improve- 
ment for all Series 4 beams with rusted strand was 30 percent. This confirms 
J anney’s findings.! However, the danger of careless rusting allowing localized 


a pitting should be remembered. 


Provision of end anchors—A comparison of anchored and unanchored beams 
in Series 2 for three concrete strengths used shows little difference in perform- 
ance. The end anchors did not become effective until slip had yoccurred 


_ along the entire embedment length, and they were therefore unable to delay 


LA 
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the onset of general bond slip. After the anchors became effective the beams 
acted as post-tensioned beams without bond, and their ultimate moments of 
resistance are no greater than those of the beams depending only on the me- 
chanical interlocking effect between the strand and concrete after general 
bond slip. 


Analysis of test results 

Strand size and embedment length—These were the principal variables in- 
vestigated with respect to their influence on the bond performance of preten- 
sioned prestressed beams. In the case of these two variables a sufficient num- 
ber of test results were obtained to warrant a detailed analysis. The influence 
of other less important variables has been discussed in general terms. 

Calculation of bond stresses—At present it is not feasible to measure the 
magnitude and complex distribution of bond stresses along the entire length 
of a prestressing strand. However, to obtain suitable design criteria, we can 
calculate the average bond stress along the length of a strand from its free 
end to a section of maximum stress. 


Consider the forces acting along the length of a prestressing strand between 
its free end and a section of maximum stress. The force due to tensile stress 
in the steel will then equal f,A,. The force due to bond stresses on the surface 
of the embedded strand will be given by ual, So. To satisfy the conditions of 
static equilibrium these forces must be equal: ua, l,, So = f,A,. Therefore the — 
average bond stress is given by: 


Given the maximum steel stress at the time general bond slip occurs fx, and 
the embedment length ,,, we can calculate the average bond stress along the 
embedded length of strand: 


This average bond stress uw, is a convenient measure of the bond performance 
of prestressing strand, and has the merit of having a real physical significance. 
The value of wu, has been calculated for the various beams tested, and the re- 
sults are plotted in Fig. 5, 


For embedment lengths slightly greater than the transfer length, the com- 
bination of the peak zone of the flexural bond wave with the transfer bond 


_ stress region results in a high average bond stress just before general bond 


slip. For longer embedments, the flexural bond wave form includes a long 
“tail” stretching from a peak near the transfer zone to the section of maximum 
steel stress. The average bond stress just before general bond slip for long 
embedments is therefore less than the average bond stress at general bond 
slip for short embedments. 
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Fig. 5—Relation of average bond stress ua to strand embedment length 
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TABLE 4—STEEL STRESS AT GENERAL —_ In the Appendix a possible shape for 
BOND SLIP, psi the flexural bond stress wave immedi- 


‘9 "i eae a 34-in. %-in. ately prior to general bond slip is de- 
in. strand strand strand , 
ee ee duced from the experimental results. 

+ NU, ae 

30 218,000 187,000 166,000 ; ey 
aD 234.000 | 201,000 | 180,000 This wave form has been used to cal 
os 30 OY gat one 200,000 culate the average bond stress at 
ze i 538.000 | 2is000 Which general slip will probably occur 
90 —_ 247,000 219,000 . 
100 me 257,000 | 226,000 in the case of each of the three strand 
120 — “- 44, ; ; : . 
140 _ _ 272,000 sizes considered in this report. These 


values of average bond stress have 
been plotted as broken lines in Fig. 5. These theoretical lines are substantiated 
by the experimentally determined average bond stresses at general bond slip 
for individual beam tests. The solid line represents the average bond stress 
necessary to develop the full ultimate strength of the strand considered for 
any particular embedment length. The intersections of the broken and 
solid lines give the minimum required embedment length if the ultimate 
strength of the strand is to be developed by beam flexure before general bond 
slip occurs. For the strand used in this investigation, these minimum embed- 


ment lengths are approximately as follows: 70 in. for 44-in. strand (f,» = 


275,000); 106 in. for 3¢-in. strand (f,, = 263,000); and 134 in. for 14-in. 
strand (f,» = 263,000). 


SUGGESTED CRITERIA FOR DESIGN 


It is usually desirable in prestressed concrete design that ultimate strength 
should be governed by flexure rather than by general bond slip. To this end, 
curves of steel stress at which general bond slip will probably occur for given 
strand embedment lengths have been plotted in Fig. 6. These curves have 
been obtained directly from the curves of average bond stress at general bond 
slip contained in Fig. 5, using the equation f, = (20/A,) Ua ly. They are ap- 
plicable only to strand initially tensioned to about 150,000 psi, embedded in 
concrete with a compressive strength of about 5500 psi. 


The proposed method of use in design is as follows: 


1. Calculate the steel stress at ultimate flexural strength, assuming that no general 
bond slip occurs. 


2. Check the embedment length of strand, that is, the distance from the free end of 
the strand to the section of maximum steel stress. 

3. Read from Fig. 6 the maximum steel stress that can be developed in the embed- 
ment length provided for the chosen size of strand. If this stress exceeds by an accept- 
able margin the steel stress at flexural ultimate strength already calculated, then general 
bond slip will not occur and the section is satisfactory. However, if this stress is less 
than the calculated steel stress at flexural ultimate strength, then a general bond slip is 
probable and the section or the strand size should be modified to avoid this. 


To supplement Fig. 6, Table 4 gives values of steel stress at general bond 
slip for increasing values of embedment length of M4, %, and 4-in. prestress- 
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Fig. 6—Relation of steel stress at general bond slip to strand embedment length I, 


ing strand. Steel stresses for intermediate embedment lengths and strand 
sizes may be obtained with sufficient accuracy by use of linear interpolation 
between tabulated values. 


SUMMARY 


The primary object of this investigation was to gain a fuller understanding 
of the flexural bond behavior of pretensioned prestressed concrete beams, 
and to develop design criteria. Particular attention was paid to the influence 


of strand size and embedment length on the bond performance of preten- 


sioned beams. ‘The influence of the following variables was also investigated 
to a limited extent: (a) percentage of steel reinforcement, (b) reduction of 
concrete strength, (c) strand surface condition, and (d) use of embedded end 
anchorages on pretensioned strand. 

The results of tests on 47 beams support the flexural bond wave theory 
proposed by Janney,! and confirm that a general bond slip occurs in a pre- 
tensioned beam when the peak of the flexural bond stress wave reaches the 
stress transfer zone. 

It was found that strand size and embedment length have a considerable 
influence on the value of the average bond stresses at which general bond slip 
occurs; this is clearly demonstrated in Fig. 5. The test results enabled curves 


- to be drawn of bond stress at which slip will probably occur for particular 


strand sizes and embedment lengths. From these curves design criteria for 


the avoidance of general bond slip were obtained. These are in the form of 
curves and a table relating steel stress at which general bond slip will prob- 


ably occur to embedment length for 4, %, and %-in. prestressing strand. 
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Using these curves in design, it is possible to ‘check quickly whether or not 
general bond slip is probable in any particular beam. 

An increase in reinforcement percentage or a reduction in concrete strength 
reduces the possibility of general bond slip, since the steel stress at flexural 
failure, and the corresponding bond stresses, are reduced. 


Rusting the strand raised the moment at general bond slip, and the ultimate 
moment of resistance, relative to identical beams with clean smooth strand. 


The seven-wire strand develops additional beam strength, due to mechanical 
bond resistance, even after general bond slip to the beam end has occurred. 
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APPENDIX 


SHAPE OF FLEXURAL BOND STRESS WAVE IMMEDIATELY BEFORE 
GENERAL BOND SLIP 


The following is an attempt to deduce the general form of the flexural bond stress wave for 
smooth, clean strand, using the test results reported in this paper. 

It is necessary to make assumptions as follows: 

1. The average transfer bond stress is 400 psi. 

2. The bond wave shape immediately before general bond slip is a smooth curve with its 
peak at the end of the transfer zone. 

3. Ata given distance toward beam midspan from the end of the transfer zone, the local 
flexural bond stress will have a particular value regardless of the embedment length provided. 

The value of 400 psi for average transfer bond stress is an average deduced from measure- 
ments on many pretensioned beams at the Portland Cement Association Laboratories. The 
average transfer lengths for strand pretensioned to 150,000 psi were found to be 13, 19, and 
26 in. for 14, %, and 14-in. strand, respectively. 

The average flexural bond stress between the end of the transfer zone and the section of 
maximum strand stress was calculated as follows. The area of the transfer zone bond stress 
block was subtracted from the product of the average bond stress u, and the embedment 
length ,; the result was divided by the embedment length minus the transfer length. Hence 
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Fig. A-1—Relation of local bond stress to distance from end of transfer zone 


the average bond stress between end of the transfer zone and a section of maximum strand 
stress may be expressed as follows: 


wat a tate = 4001s re 
eee 


Values of we’ were calculated for various embedment lengths using the experimental values 
of ua Obtained in this investigation. 


Consider a smooth curve represented by the equation y = F(a) = Az® = B where « lies 
between zero and a finite value 1, and where n is between land 4. It can be shown by algebra 
that for a given value of n within this range, a horizontal line with ordinate equal to the 


average value of y will cut the curve y = F(x) at some point between x = 0.502; and x = 
0.6721. 

It was thought that, for any particular embedment length considered, the flexural bond 
wave curve would fall between curves u = Al + Band u = Alt = B, where u = local bond 
stress at distance J from the section of maximum strand stress, measured toward the free end 
of the strand. Values of wa’ calculated using Eq. (A1) were therefore plotted in Fig. A-1 as 
horizontal lines extending from / = 0.50 (lu — lk) tol = 0.67 (lu — l,). The actual bond 
wave curve for each particular size strand should therefore at some point cut each of the 
horizontal lines which relate to the same strand size. ; 

The experimental results for the different strand sizes overlap in Fig. A-1, and it is therefore 


reasonable to draw a single flexural bond wave curve for all strand sizes. “Ihe curve shown in 
Fig. A-1 was drawn so as to be a lower limiting curve for local flexural bond stress immediately 


prior to general bond slip. 
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Using this limiting curve of local bond stress it is possible to calculate the average bond 
stress for any particular strand size and embedment length as follows: 


1. Measure the area under the curve of local bond stress over the embedment length 
considered, and add to this the area of the transfer bond stress block (400/;). 

2. Divide the area obtained by the total embedment length, and the result is the 
average bond stress over that embedment length immediately prior to general bond slip. 
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BOTH PLAIN AND AIR-ENTRAINED CONCRETES were made with aggregate of constant 
specific surface whose grading was varied while other mix proportions were held constant. 
Mixes made with a given aggregate grading which entrained more air under natural condi- 
tions (no air-entraining agent) also entrained proportionately more air with an air-entraining 
admixture. Relative effect of the different size fractions of aggregate on air entrainment are 
evaluated, assigning the greatest weight to material passing the No. 25 and retained on the 
No. 52 sieve. Reduction in sand content or increasing its fineness both tend to decrease air 
entrainment potential. 


aggregate 
srading 

affects 
air entrainment 


B. G. SINGH 


; Mi Many DESIRABLE PROPERTIES are induced in fresh and hardened concrete 


by the entrainment of a controlled amount of air in the form of minute air 
bubbles. It is generally claimed that fresh concrete is more workable, bleeds 
and segregates less, and that the hardened concrete is more resistant to frost 
and sulfate action. Although air entrainment is influenced by several factors, 
it must be limited to obtain optimum benefits; thus the problem of control is 
important. 

‘Among the factors of greatest practical importance for given temperature 
and atmospheric pressure and consistency are: type and concentration of the 
air-entraining agent; aggregate-cement ratio; and the grading of the aggregate. 
Work done in the past clearly shows that richer mixes require more of a given 
air entraining agent, to entrain the desired volume of air. As regards the 
grading of the aggregates, published results'.? indicate that as the sand be- 
comes coarser, more air is entrained when all other factors are equal. In 
particular it is thought that entrained air increases with the amount of ma- 


803 


804 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE January 1959 


terial passing the No. 30 and retained on the No. 50 sieve. Though it is not 
disputed that the various size groups play some part in entraining air, in- 
dication of their relative importance is still somewhat lacking. This is the 
main subject of this report. 

In the past, an important restriction in investigating the effect of grading 
more fully was the control of consistency with change in grading. However, 


B. G. SINGH, Jamaica Engineering and Research Co., Ltd., Jamaica, West Indies, 


joined ACI in 1958. His aggregate studies that serve as the basis for this and two 
earlier Journal papers were done at the Building Research Station in England. 


this restriction has largely been overcome, for it has been shown® that con- 
sistency can be held reasonably constant for constant water-cement and 
aggregate-cement ratios, provided that the specific surface of the aggregate is 
constant. Advantage was taken of this fact in investigating the effect of grad- 
ing on air entrainment. 


Though the gradings used in this investigation are not those that are gen- 
erally used in practice, they were, nevertheless, used to magnify the relative 
effect of each size group. The tests described cannot be regarded as ex-’ _ 
haustive, though the conclusions drawn should be of sufficient practical im- { 
portance to have some bearing on the assessment of an aggregate grading in : 
relation to its air entrainment potential, which ultimately should lead to better 
control. 


METHOD OF INVESTIGATION 


A single delivery of aggregate (classified as irregular by BS 882:1944) was 
screened into the various size groups, and gradings were made as required to | 
give a constant specific surface. The cement used was blended and the same 
was used throughout the experiments. One air-entraining agent stirred into 
the mixing water in the ratio of 1:980 by volume was used for all mixes. The 
temperature and relative humidity at all experimental stages were constant. 
Proportioning of the mix was by weight. 


The mixer used was a horizontal rotating type laboratory mixer. In- 
gredients were mixed 2 min before making the slump, compacting factor 
(CF),* and Vebe® tests* and the ASTM C 231 test for determining the 
volume of air for each mix. All these tests were performed simultaneously 
after mixing. 


Nine aggregate gradings were made up with the separate size groups to 
give a specific surface of 32.0 sq em per g. This rather high value was se- 


*The CF test measures the relative compaction achieved by concrete falli der its ei 
igen AS ad normally range between 0.70 and 1,00. A high caluase within ‘this cans hier sare gy | 
r y. 
The Vebe test result for practical purposes could be taken as the time required (in seconds) to vibrate a standard 
shape and volume of concrete to full compaction with the standard Vebe . ; 
indlonten a concrete that will flow readily under compactive effort. ae a ae) ee 
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lected to allow a wider variation in particle size distribution without intro- 
ducing harshness with the fine sand and coarse aggregate mixes. These 
nine gradings (see Table 1) were used in 1:44 mixes at a water-cement ratio 
of 0.45 and 1:6 mixes at a water-cement ratio of 0.55. Both of these mixes 
were made with and without air entraining agent. 


TEST RESULTS 


Test results corresponding to each of the nine gradings are given in Table 

1. It will be noted, after considering the variation of the slump, Vebe, and 

CF test results, that consistency (workability) was reasonably constant for 
; the 1:414 mixes without air-entraining agent (Series 1A) at the water-cement 
ratio of 0.45; similarly, consistency of the 1:6 mixes of Series 1B was constant 


» 


at the water-cement ratio of 0.55. The consistency test values for Series 2A 
and 2B, ie., 1:414 and 1:6 mixes, respectively, with air-entraining agent, 


” 

é are also given in Table 1. The slump and the Vebe tests appear to be more 
a sensitive to increases in workability with air entrainment, whereas the CF 
~ test for the 1:44 mixes with the entrained air (Series 2A) was relatively in- 
4 sensitive. Though mixes with more air were more cohesive and resisted 
A segregation to a greater extent, no significant increase in workability was 
. measured for more air for given mix proportions. 

a 


-) = 
‘ 


age volume in columns 2A and 2B is 
for 1:4% and 1:6 mixes, respectively, 
with air-entraining agent at the con- 
stant concentration of 1 part to 980 
‘parts of water. As the latter values 
include both naturally and artifically 
entrained air, they will be, for con- 
venience, referred to as gross entrained 
air. 

Fig. 1 shows the relationship ob- 
tained between gross and naturally en- 
trained air for all the mixes. The re- 
lationship seems quite definite and it 
may be concluded that the gross en- 
trained air is related to the air en- 
trained under natural conditions; 
that is, an aggregate that will entrain 
a large amount of air under natural 
conditions will entrain proportion- 
ately more air with an air entraining 
admixture. - 


‘ 
F 
¢ 
5 
a 
a 
3 


The percentage volume of air given in columns 1A and 1B for 1:4% and 
1:6 mixes, respectively, is for naturally entrained air, that is, air entrained in 
the absence of an entraining agent under natural conditions. The percent- 


g 


% Gross Entrained Air (Nol) 


Xen Min 1422 
O...Mix% 146 


9 


1 2 te 
% Naturally Entrained Air Wol) 


Fig. 1—Relationship between gross and 
naturally entrained air. Concentration of 
air entraining admixture constant 
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TABLE 1—EFFECT OF AGGREGATE 
Specific surface of aggregate 32.0 sq cm per g. Air-entraining 
1A and 1B denotes 1:4¥% and 1:6 mixes without 


Aggregate grading, percent retained between given sieves* 1:4}@ mix, 
“aw No. 100} No. 52 | No. 25 | No. 14 | No.7 |3/16in.| % in. Slump, em Vebe degrees 
Nov52 | No-25 | Nova | Noo? | 3/10in. | sein, | a/4in. | 2A [ 2a | 18 | 2A 
ei Te aE Ger eee - | = | 74.6 | 1.0 | 4.5 | 107 | 4.5 
aS ae BEee te ae ae — | 34.6 | 34.6 | 25 | 4.5 9.0 4.5 
3 | 12.0 | 12.9 | 12.9 eS mee 30.6 | 30.7 | 1.5 | 4.5 8.0 4.5 
aa ee ee ae ee a eR os 26.6 | 26.6 1.0 | 3.5 | 8.0 4.5 
es | ta | 1.2 | 1.9, | m3) 3 | oe. se 1.0 | 3.5 7.8 4.0 
ere ae me ie — | 38.0 | 38.0 | 1.75| 2.3 6.0 7.5 
ae} 385 aed 9.2 9.2 9.2 | 26.9 | 27.0 | 1.0 3.0 | 11.0 5.0 
e.| + >| 36.9 | 7.3.) 7 1.2] 2.8 | 06 | 18 | #8 feem 
So) i741 Sa 17.1 fee: 17.1 |. 96.3 | 4.4-[ 27 2.5 8.0 5.0 
. ) 


*British standard sieve numbers. 


Examination (see Table 1) of the amount of gross (or naturally) entrained 
air in relation to the amount of 25-52 size group* for each grading indicates 
wide scatter, though there is a general tendency for the percentage of air to- 
increase with the amount of this size. A better relationship is, however, | 
obtained (see Fig. 2) between the percentage of 52-100 size group and the | 
amount of gross entrained air. As the amount of material of this size in- 
creases, there is a marked tendency for the air to decrease. This result could 
be explained in part as due to the fact that as more material of this size group 
was introduced, less of the other size groups had to be used to maintain a 
constant aggregate specific surface. It is, however, quite clear that particles 
of this size group are not so conducive to air entrainment. Although con- 
sidering mixes made up with Gradings 6, 7, and 9, it should be equally clear 
that a required amount of air could be entrained in the complete absence of 
the 25-52 size group. The other sizes (including the 52-100 size) obviously 
also play an important part. 


EVALUATION OF THE RELATIVE EFFECT OF THE VARIOUS SIZE GROUPS 


If a series of seven numbers, one corresponding to each of the aggregate 
size groups could be found so that when the percent of each size group is 
multiplied by its corresponding number and added for each grading, the sum 
in each case divided by 100 equals the percent of air entrained for any partic- 
ular series of mixes, then these numbers will give a measure of the relative 
part played by each size group. The accuracy in the estimation of such con- 
stants is facilitated by the great variation in the nine gradings used. 

" SApproximates to the 30-50 size group of the previous investigators. 
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GRADING ON AIR ENTRAINMENT 


agent: water ratio = 1:980. Cement No. 499 
"agent, respectively, 2A and 2B with agent 


W/C = 0.45 1:6 mix, W/C = 0.55 
CF ee leks pas P cba Cr Levee tee 
1A 2A 1A 2A 1B 2B 1B 2B 1B 2B 1B 2B 
0.87 | 0.88 | 0.30 | 2.25 | 0.5 | 2.6 | 15.0 | 13.0 | 0.85 | 0.88 | 0.3 2.9 
0.84 | 0.88 | 0.95 | 3.9 Qe) 3-7-1 12.0 BO | 0.84 | 0.88 | 1.9 4.95 
O85 | 0.88] 1.60 | 4.7 Of 1 810 4 10.0 Bes, (aes f 0.87 | 20 5.8 
0.85 | 0.87 | 1.85 | 4.9 Oe Vom | is 45 | 0185. |, 0.80: | *3.0 6.95 
0.87 | 0.88 | 2.05 | 5.4 Oust earOn i ali,s B.0-1 0.86 | 0.80 | 3.45 | 62 
0.85 | 0.87 | 0.95 | 2.9 0.5 | 3.5 9.3 BO | O84 | 0.88 | 0.8 3.35 
Gea | oss. | 1.20 | 3.2 0.5 | 2.5 8.7 SESE OnSHmml 0.80.0) 3.95 
Mar O87 1. 3:80 | wis | 0.8 | 1.5 | 16.7 9.0 | 0.84 | 0.87 | 4.0 9.25 
ieee le ors7 4.70 [4,20 | 0.5 | 3.0 9.3 4.6 | .0.83 |) 0,90 | 1.95 | 3.65 


The seven numbers were selected by a process of trial and error so that the 
result gave the best agreement with the experimental values. The nearest 
whole numbers obtained for the conditions of the 1:6 mixes with the gross 
entrained air, are: 


Size group 52-100 25-52 14-25 7-14 3/16-7 3/8-3/16 3/8-3/4 
Constant 8 20 15 8 4 2 i 


It was found that when seven numbers for the 1:4/4 mixes were determined 
similarly, they were for practical purposes related to the above in the ratio 
of 414:6. Therefore, the values estimated for 1:6 mixes were multiplied by 
0.75. All the values so estimated are plotted against the experimental values 
‘in Fig. 3. A coefficient of correlation of 0.96 was obtained between the ex- 


fo} 


Mix 14/2, 


& Gross Entrained Air (Vol) 


Fig. 2—Gross entrained air 
plotted against percentage of 
52-100 size group. Aggre- - A 
_ gate of constant specific sur- 0 eee 5 rok 20 25 
face, 32 sq cm per g b-—52- 100 Size group 
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Fig. 3—Relationship between 
gross entrained air and that 
estimated from coefficients for 
combined aggregate grading 


Yo Gross Entrdined Air Wel) 


Xa Mix 1:47 
©... Mix k ©. 


2 2 4 6 8 to 
%o Entrained Air Estimated from the combined 
Aggregate Grading 


perimental and estimated. More exhaustive methods to select better num- 
bers were not used because of the limited data. : 

Although the numbers are relative and could not be applied directly, they 
should find practical use in evaluating a sand, coarse aggregate, and any com- 
bination of these in relation to their air entraining properties. A low value 
will indicate a low potentiality and the converse would be true. An aggre- 
gate combination, desirable for other reasons, giving a low value will indicate 
a higher concentration of air-entraining agent. The value calculated as in- 
dicated might be called the modulus of air entrainment. 


DISCUSSION 


As the gross entrained air is proportional to the naturally entrained air, it 
seems reasonable to assume that the mechanics of entrainment in both cases 
are the same, except that in the case of the former, more air is entrained and 
the bubbles are more uniform and better spaced. It could also be assumed 
that with an air-entraining agent, air present, or that which enters the mix 
during mixing, is more readily stabilized. 

The mechanics of air entrainment are complex and difficult to explain fully. 
However, the following theory based on the author’s observation, seems 
reasonable. Fine particles (such as the 52-100 size group) have smaller inter- 
facial capillaries (producing greater surface tension) and these are more 
readily filled with water, cohere more readily and so resist shearing and are 
rendered less mobile. As the interfacial capillaries are small and are filled 
more readily soon after the addition of water to the mix, less air will be sur- 
rounding them. On the other extreme, the coarse particles become surrounded 


i Oe es 


‘ 


; 
G 
r. 


: 


_ 
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by the finer particles and sand-cement matrix and as a result are rendered 
almost inert in relation to air entrainment. However, the particles of the 


intermediate size, due to larger capillaries (lower surface tension), will cohere 


less, contain more air and water in a relative free condition. Thus the particles 
of the intermediate size groups satisfy to a greater extent, the physical condi- 
tions necessary for air entrainment. 

The particles of the intermediate size groups will also permit the entry of 
air into the mix, during mixing, more readily and facilitate effective shearing 
of the mix and breaking up the air present (or that which enters) into minute 
bubbles suitable for stabilizing. The author believes that the constant 
assigned to each size group is a relative measure of their total effect in relation 
to these factors. 

Although particles passing the No. 100 sieve were not investigated, extra- 
polation from the present results indicate that their effect will most prob- 
ably be negligible under practical conditions. However, the effect of particle 
shape and surface texture might be of importance in the light of the fore- 
going discussion. Two aggregates of the same particle size distribution may 
not have the same air entraining potential if the particle shape and surface 
texture of each are different. An investigation of the effect of shape and 
surface texture, especially of more angular particles, should be of interest, 
as it is with these that concrete offers greater resistance to compaction and 
therefore is likely to derive greater benefit from purposeful air entrainment. 

Gradings with all particle size groups are normally required by specifica- 
tions. Such gradings entrain more air under natural conditions. Such tra- 
ditional gradings also produce durable concrete though the importance of the 
entrained air under such conditions is a point of conjecture. If this naturally 
entrained air induces some desirable weathering properties, especially in 
relation to frost, then it should be expected that aggregates that entrain 


‘Jess air will produce less durable concrete. Engineers may find it economical 


to use finer sands and this may produce concrete with less air. Concrete of 
comparable strength® could be proportioned in a rational manner with such 
sands though it is likely to suffer greater segregation. Use of air-entraining 
agent to reduce segregation and adjust air content may well be a factor de- 
termining whether such materials are used for better concrete when available 


at much lower cost. 
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Re-Examination of Nichols’ Expression for the 
Static Moment in a Flat Slab Floor 


By (G2 PeSiESS™ 


SLABS WITH CIRCULAR CAPITALS 


The original expression derived by Nicholst for square panels and circular column capitals 
can be expressed in the following form: 


M, = sum of the total positive moment at midspan across the full width of the 
panel and the total negative moment on the column lines and around the 
periphery of the column capital 
total uniformly distributed load on the panel 
span length, center to center of columns 
diameter of column capital 

For rectangular panels, the following expression can be derived in the same way as Eq. (1), 
although this was not done explicitly by Nichols: 


Wy 4 ¢ Cc 3 Ty 
eat Se eter Gull a Pl |e cients abel ote the he the 2 
* 3, E Tv zat 4 (<) | ( ) 


where L; = span in direction of moments considered and L2 = span in other direction. 


Both of these expressions are based on the same set of assumptions, namely: 
(a) The floor consists of a large number of identical panels extending indefinitely in 
both directions. For practical purposes, this condition is satisfied for interior panels 
in an array consisting of a relatively large number of identical panels extending in both 


directions. 


where 


Ww 
L 


f ichted JOURNAL OF THE AMERICAN CONCRETE InstiruTE, V. 30, No. 7, Jan. 1959, (Proceedings 
pe ea cant lable at 35 cents each. Address P. O. Box 


Y. 55). Separate prints of the entire Concrete Briefs section are avai 
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+Nichols, John R., “Statical Limitations Upon the Steel Requirement in Reinforced Concrete Flat Slab Floors, 
Transactions, ASCH, V. 77, 1914, pp- 1670-1681. 
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(b) All panels are uniformly loaded with the same intensity of load. 
(c) The shear (reaction) at the edge of the column capital is uniformly distributed 
around the circumference of the capital. 


In the closing discussion of his paper, Nichols* suggested an approximate expression as an 
equivalent to Eq. (1), as follows: 


He stated that the error involved in using Eq. (3) instead of Eq. (1) was less than 1 percent 
for values of c/L less than 0.3. The error may actually be slightly greater than this, being 
about 2 percent for square panels, about 3 percent for a rectangular panel with LZ; = 0.5 Le 
(short span), and less than 1 percent for L; = 2 Lz (long span). In all cases Eq. (3) is on the 
conservative side. 


Since Eq. (3) is somewhat simpler than Eq. (1) or (2) and is clearly almost as accurate, it was 
adopted for use in the specifications and now appears in Section 1004(f) of “Building Code 
Requirements for Reinforced Concrete (ACI 318-56).’’ In this case, however, only the cor- 
rection term for c/Z remains intact since the coefficient 0.125 for static moment has been re- 
duced to 0.09 F, yielding values ranging from 20 to 28 percent less than Eq. (1) or (2). 


Although Eq. (3) is both simple and accurate, an even simpler and more accurate approx- 
imation to Eq. (1) and (2) can be written as follows: 


For a value of c/L = 0.3, Eq. (4) is in error by only about 0.2 percent on the low side as com- 
pared to Eq. (1) for square panels. For rectangular panels, and for c/L; = 0.3, Eq. (4) is 
0.5 percent high for ZL; = 0.5 ZL» and 1.7 percent low for L,; = 2 Le. 


The choice between the form of Eq. (3) and that of Eq. (4) for use in the ACI Code is of 
course a matter of opinion. The difference in accuracy is trivial in view of the 20 to 28 per- 
cent reduction from the true static moment already provided in the Code. The difference in 
complexity may also be of little significance. Moreover, since both equations are only em- 
pirical approximations to the original rational expression, the derivation of which is either 
not known or has been forgotten by most engineers, there is little basis for a choice in terms of 
tradition. Nevertheless, it is suggested that the form of Eq. (4) be adopted in the Code on 
the basis of the principle that an approximate calculation should be made in the simplest, 
manner possible, 


SLABS WITH RECTANGULAR CAPITALS 


Since the flat plate type of construction usually involves the use of square or rectangular 
columns, the “capital” in this case is no longer circular but of the same shape as the column. 
Expressions for the static moment in such floors can easily be derived by the same method as 
that used by Nichols, and are offered here as being of possible interest. 


Two cases are considered. In both, the assumptions previously listed as (a) and (b) are 
made just as they were by Nichols. However, two different assumptions are made regarding 
the distribution of shear around the periphery of the capital: (1) that the shear is uniformly 
distributed, and (2) that all of the shear is concentrated at the corners of the column or capital. 


*Ibid., p. 1735. 
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4 
- ‘Uniformly distributed shear 


/ .~ The general expression for total or static moment is 
= - = 
2+— 
WI, C2 Cy 1 C1" b2 
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‘ 
a where the notation is the same as for Eq. (1) and (2) except that c:, and c. = over-all 
dimensions of rectangular capital in directions of spans L; and Lp, respectively. 


For square capitals, Eq. (5) reduces to 


WL, SUG lfc \Bli 
M, = Mg pee Og (hee (ea eat reece, 6 Bice ROPE rn 
8 | 2 Ly + 2 (=) | 5? 
An approximation to Eq. (6), in the same form as Eq. (4), is: 
Ww 
M, = (a - 145) Pe nee eee a eee (7) 
i 


Concentrated shear 


The general expression for static moment is 


Comparison of Eq. (7) and (10) for square capitals with Eq. (4) for circular capitals indi- 
cates that the use of Eq. (10) in Section 1004(f) of the ACI Code will yield conservative results 
_ for square or rectangular capitals if c is taken as the over-all dimension. This, however, is of 
little importance in view of the large reduction from the static moment that has been adopted 
in the Code. Moreover, uncertainties regarding the actual behavior’ of slabs with square 
capitals is sufficient justification for some degree of conservatism even in addition to that pro- 
vided by the coefficient F for small capitals which will apply more frequently to square than to 

_ round capitals. Zag 
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Prellems and Practices 


A series relating to ‘down-to-earth, every- 
day’ concrete problems which attempts to give 
brief answers to the more common (and some- 
times uncommon, too) questions asked about 
concrete design and construction practices. 


To some, the answers will seem simple and 
obvious; others may prove controversial. 


All ACI members are invited to partictpate— 
either by submitting an inquiry, or even better, 
by telling JOURNAL readers how an intriguing 
problem was solved. It may well be that readers 
will be able to suggest more practical solutions 
than those presented. 


Q. Bending moments in flat slab structures 
(without drop panels and without capitals), 
when total depth of the spandrel beams at ex- 
terior supports is equal to the slab thickness, 
are determined by elastic analysis on the basis 
of rigid connections between columns and slabs; 
i.e., the stiffness of the columns is taken into 
account. Design of such structures is treated in 
Section 1003 of ‘Building Code Requirements 
for Reinforced Concrete (ACI 318-56). The 
Code is quite clear in respect to design of the 
slabs and columns but does not include recom- 
mendations for design of the joints between 
columns and slabs, except a statement that these 
oints may be considered rigid. 


My question, therefore, refers specifically to 
the design of the joints between columns and 
slabs, which have to transfer the computed bend- 
ing moments from the slabs into the columns. 
To be more specific, I shall limit the question to 
the joints between the exterior columns and the 
slabs, as illustrated in Fig. 1. The end bending 
moment for the whole bent (120 fl-kips in Fig. 1) 
is transferred through the three faces in the slab 
(through face be, as a bending moment; through 
faces ab and cd, as torque). 


The quantity of reinforcement which is usual- 
ly placed over the exterior column, varies from 26 
to 50 percent of thal required for the end bending 
moment. This quantity of reinforcement is 
within ACI Code requirements. The designed 
resistance lo bending of Face be varies within 
the same limits, i.e., Face be can transfer a 


bending moment of about 25 to 50 percent of the 
end bending moment. (By “designed resist- 
ance’ is implied a resisting bending moment 
computed on the basis of ACI allowable stresses, 
or a plastic bending moment with a factor of 
safety of about 1.8.) It follows that Faces ab 
and ed should transfer by torsion the remaining 
50 to 75 percent of the end bending moment. 


In structures of the type described, and com- 
monly encountered in practice, the computed St. 
Venant’s torsional (shearing) stress on Faces 
ab and cd may be as high as 0.7 {.', is seldom 
below 0.2 {.’, and is usually about 0.3 f.’. Shear- 
ing stresses from the vertical shearing force 
(reaction) may increase the maximum shearing 
stress by 10 to 20 percent. However, the mag- 
nitude of the latter is, for the most part, a frac- 
tion of the torsional shearing stress. 


1. Implicity, the ACI Code does not re- - 
quire any precautionary design measures 
for the joints between columns and slabs, 
except the provisions of reinforcement in 
the column strip, and certain limitations 
on the size of columns with respect to their 
stiffness. Many structures have been de- 
signed on this basis, and although the 
computed torsional stresses in the joints 
of these structures are quite high, their 
performance is satisfactory. Are the 
mentioned ACI provisions applicable, 
irrespective of the size of the columns (ex- 
cept the stiffness requirements), and 
should the torsional stresses be disre- 
garded? 


2. If every structure should be judged 
on its merits, and if the joints between 
columns and slabs should be given due 
consideration in the design, how should 
the end bending moment (such as the 120- 
[t-kips in Fig. 1) be proportioned among 
Faces be, ab, and ed? 


3. What is the permissible torsional — 
(shearing) stress on Faces ab and cd. | 


a. Without provision of stirrups or 
longitudinal bars in the spandrel (ex- 
cept those required for vertical shear and 


~ 
~ 


—" 


superficial. 


for bending moment in the longitud- 
inal column strip )? 


b. With provision of additional stir- 
rups and longitudinal bars in the span- 
drel to resist tensile components of the 
torsional stresses? 


Although Faces ab, be, and cd have to trans- 
fer the end bending moment, we realize that the 
resistance of these faces cannot be computed as 
the sum of the usual bending resistance of Face 
be, and St. Venant’s torsional resistance of 
Faces ab and cd. We believe that the following 
factors would increase the resistance of such 
ajoint: (a) warping torsional stresses set up at 
Faces ab and ed and (b) confinement of con- 
crete in the slabs around the columns. In- 
vestigation carried out in our office indicates 
that the contribution of warping stresses is not 
of a major nature, principally because the rota- 
tions of the spandrel are relatively small. 


Effect of the confinement of the concrete has 
also been studied by us on the basis of Mohr’s 
rupture envelope as well as St. Venant’s strain 
failure theory. Because of the limitations in 
pursuing a study of this nature in a consulting 
engineering office, this study has been only 
However, a relatively rough in- 
vestigation indicated to us that the capacity of 


the joint designed by the ACI Code does not 


provide sufficient safety for the full end moment. 


Livy ZETLIN 
Consulting Engineer 
New York, N. Y. 


_ A. This question is a complex one for 
which no simple answer is possible. Obvi- 
ously practicing designers have solved the 
problem in various ways. Perhaps the pub- 
lication of the question will develop some of 
these answers. 


The philosophy of the approach to this type 
of problem is best explained by the former 
chairman of Committee 318, Frank Kerekes, 
in “Review of Changes in the ACI Building 
Code Requirements for Reinforced Con- 
erete.’* “The experienced practical de- 
signer should take into account as many of 
‘the forces and influences as he can determine 
for the particular structure he has under 
consideration. His analysis of especially un- 


usual structural types and systems should 


*ACI Journat, V. 29, No. 3, Sept. 1957 (Proceedings) 


YV. 54), pp. 185-196. a 
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anticipate every possible elastic and geo- 
metric action. Then he can, to good ad- 
vantage, be guided by appropriate and re- 
lated provisions of the Code. But the pro- 
visions of a building code are not intended to 
make up for lack in theoretical understand- 
ing, for the judgment to benefit by the ex- 


- periences of others, and for the skill in an- 


ticipating the behavior of related portions 
of a complex structural system. Once the 
action of each component part of a complex 
structure is analyzed, and the interaction 
of the component parts is determined, the 
building code provisions can be utilized to 
good advantage and with a reasonable a- 
mount of assurance.” — 


Section 1003 on elastic analysis assumes by 
implication details structurally adequate for 
the resulting design. Such details are left 
to the designer’s judgment since he is pro- 
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ceeding through his own analysis. Under 
Section 1004 on empirical design an external 
column moment of WL/30 is prescribed. If 
provision for transferring full moment to the 
column through bending is neglected approxi- 
mately 75 percent may remain for transfer by 
torque in an empirical design. Since the ACI 
Building Code presumes all tensile stress 
carried by reinforcement except that allowed 
in diagonal tension resulting from vertical 
shear, by implication a designer is expected 
to provide additional reinforcement and not 
depend on concrete unreinforced for torsion 
to transmit moment to the column. 


* * * 


Q. Is unprotected concrete pipe suitable to 
carry chemical waste including dilute solutions 
of sodium maleate, phthalate, thiosulfate and 
sulfate? What information is available on 
resistance of concrete to these agents or what 
methods of test could be used to evaluate its 
resistance? 


A. The sulfates are aggressive toward 
concrete. This is true even of very weak 
solutions. The U. S. Bureau of Reclamation 
Concrete Manual (p. 12, 6th edition, 1955) 
gives 150 ppm as a threshold value for 
sulfate (as SO,4) as between negligible and 
positive attack. It recommends Type II 
cement when the concentration is between 
150 and 1000 ppm and Type V for higher 
concentrations. 

No information has been located on sodium 
maleate and phthalate or other maleates or 
phthalates. Though they evidently give 
basic solutions and would not be objection- 
able from that standpoint, it is entirely 
possible, and there is even some reason to 
suspect, that they might perhaps have un- 
desirable specific reactions. It would be 
advisable to test them. 

Test procedures are given in “Standard 
Method of Test for Chemical Resistance of 
Hydraulic Cement Mortars,’’ ASTM C 267-54 
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1955 Book of ASTM Standards, Part 3). 
This test could be accelerated by scheduling 
brushings at frequent intervals, by circulating 
the solution, by elevated temperature, or by 
otherwise modifying the procedure. 

Thiosulfates are regarded as having some- 
what the same effects as sulfates owing to 
tendency to decompose and produce some of 
the latter. One source of reference is A. 
Kleinlogel’s book on Influences on Concrete 
(English translation of 1941 German edition 
published by Frederick Ungar Publishing 
Co., New York, 1950). Kleinlogel states 
regarding sulfur and sulfur compounds that 
they may, in any form, have either directly 
or indirectly harmful effects on concrete. He 
adds, “Above all, it is always the sulfuric 
acid or the sulfates which are formed through 
oxidation of other sulfur compounds or are 
already present as sulfate which causes 
destruction.’ Latimer and Hildebrand’s 
Reference Book of Inorganic Chemistry at- 
tributes decomposition of sodium thiosulfate 
solution to the carbon dioxide in the air, and 
presumably protection against CO. might 
greatly diminish it. However, it is possible 
that thiosulfate may itself have a specific 
effect somewhat like that of sulfate. The 
destructive effect of sulfate is due to for- 
mation of a calcium aluminate sulfate 
(commonly called calcium sulfoaluminate) 
and thiosulfate itself can form a complex 
with aluminate that may be sufficiently 
similar to the destructive calcium aluminate 
sulfate. Presumably if testing with the 
maleate and phthalate it would be desirable 
to test the thiosulfate and sulfate at the 
same time. 


Another general source of reference is 
E. Rabald’s Corrosion Guide (Elsevier Pub- 
lishing Co., New York, 1951) which reports 
the effects of chemicals on concrete as well 
as metals and alloys. It lists sodium thio- 
sulfate but leaves blank the space allotted to 
concrete, thus indicating that nothing was 
found regarding the effect of this material. 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Composite construction of bridges us- 
ing steel and concrete 
R. Davi and G. G. Mryernor, The Engineering 
Journal (Montreal), V. 41, No. 5, May 1957, pp. 41-47 
Reviewed by Aron L. Mirsky 
A summary, brief but thorough, of com- 
posite construction, including prestressed 
types. Outlines methods of analysis of dead 
and live load stresses, failure loads, effects of 
shrinkage, creep, and temperature, and dem- 
onstrates that the effect of different coeffi- 
cients of thermal expansion of steel and con- 
crete may be important, particularly in con- 
tinuous structures exposed to the elements. A 
simply-supported composite beam is analyzed 
as a worked example, in the appendix. 


Composite steel and reinforced con- 
crete centering for a bridge at Revin 


(in French) 

B. Pierre, Travaux (Paris), No. 285, July 1958, pp. 
543-554 
. AutTHOR’s SUMMARY 


Having regard to the fact that concrete 
can transmit compressive forces at an 


appreciably lower cost than timber or steel, 


the author constructed self-supporting cen- 
tering for building a bridge over the River 
Meuse. This centering comprised: (1) a 
light steel arch framework; and (2) a rein- 
forced concrete slab placed over the extrados 
of this framework and connected to it. 

When the centering was subjected to its 
working load, the reinforced concrete slab 
absorbed the direct compressive forces, while 
its smooth-finished upper surface served as 
formwork to the soffit of the arch of the bridge. 
The steel framework, which initially carried 


the slab during its construction, subsequently 
functioned as a stiffening girder and took up 
the bending to which the centering was sub- 
jected in consequence of the unequal loads 
acting upon it during the construction of the 
bridge arches. Article describes the technical 
solutions adopted, the design methods em- 
ployed, and the procedure of operations. 


History of highway bridges in the 
province of Quebec (Historique des 
ponts-routes dans la province de 
Québec) 


Lovis-Puiuippr Graven, L’Ingénieur (Montreal), V. 
43, No. 170, Summer 1957, pp. 11-17; No. 171, Autumn 
1957, pp. 31-36 
Reviewed by Aron L. Mirsky 
Fascinating history, well illustrated. The 
bridges of Quebec, spanning from 1789 to 1957 
in time, form a history in miniature of bridge 
engineering. 


The Abidjan railroad-highway bridge 
(Le pont rail-route d’Abidjan) 
Nicoxas Esquintan, Mémoires, Société des Ingénieurs 
Civils de France (Paris), V. 111, No. 2, Mar.-Apr. 1958, 
pp. 97-118 
Reviewed by Aron L. Mirsky 

The old floating crossing over Ebrié 
Lagoon in Abidjan on the Ivory Coast (French 
West Africa) having become inadequate, a 
new crossing was planned. The Administra- 
tion proposed a two-level steel truss struc- 
ture. The structure as constructed, dictated 
largely by poor foundations, consists of twin 
box girders of precast prestressed concrete, 
41 m in span, carrying highway vehicles on 
the upper deck and railroad trains inside the 
boxes, with cantilevered sidewalks and 
bicycle paths. All components—piers, gird- 
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ers, ete.—for the 8 main (lagoon) spans and 
the approach viaducts were precast on the 
bank and floated into position. Pozzolanic 
blast furnace cement was used to prevent 
damiige ‘by aggressive fumes or organic ma- 
terial in the mud. 

The project is noteworthy, not. only for its 
structural concept and solution, but for an 
elaborate system of approaches, complete with 
interchanges, plazas, and three-level grade- 
separation structure, which would do credit 
to Los Angeles, to say nothing of Darkest 
Africa. 


Bridge construction (Briickenbau) 
Fritz Leonnarpt, VDI Zeitschrift (Diisseldorf), V- 
100, No. 18, June 21, 1958, pp. 789-798 
Reviewed by Aron L. Mirsky 

Report of developments since the last 
periodic review of the field (title source, V. 98, 
No. 17, June 11, 1956, pp. 944-952; “Current 
Reviews,” ACI JourNaL, Feb. 1957, p. 811). 
Brief interest-whetting mentions are made of 
some very interesting recent structures. 


Masonry arch bridges: a study 
Cyriz S. Suerror and WittiamM Henperson, Proceed- 
ings, Institution of Civil Engineers (London), V. 7 
(session 1956-57), August 1957, pp. 723-762; discus- 
sion, p. 762-774* 
Reviewed by Aron L. Mirsky 

Results of field tests of 14 masonry arch 
bridges of various types indicate that ma- 
sonry arches in sound condition behave 
elastically; that, with normal filling, com- 
posite action need not be taken into account 
to explain their behavior; and that the usual 
assumption of 45 deg dispension of live load 
through the fill is satisfactory in estimating 
the effective width and length of load on the 
arch. It was also found that abutment move- 
ment occurred in every bridge tested. Based 
on these results, authors suggest that elastic 
analysis be used, with limits imposed on the 
permissible stresses and eccentricity of thrust, 
and that an empirical allowance be made for 
abutment movement. 


Reviewer would add that it is unfortunate 
that the old voissoir arch is a vanishing breed, 
in this day of the stone-faced concrete arch/ 
frame. 


*Additional discussion is printed in the issue of Dec. 
1957, tet ap The dead-load trailer used in test- 
ing the bridges was described in Engineering, V. 173, No. 
4506, June 6, 1952, pp. 721-722 (‘Current Reviews,” 
ACI Journau, Dee. 1952, p. 343.) 
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Construction 


Designing an underground building 
Ravpu 8. TORGERSON, Consulting Engineer, V. 10, No. 
nee Fitna Fort ae ee alice by Aron L. Mirsky 
Brief description of underground civil de- 
fense emergency operations center at Portland, 
Oregon. Structural, mechanical, electrical 
problems and solutions involved are outlined. 


Modern slip- and climbing forms (Neu- 
zeitliche Gleit- und Kletterschalungen) 
Gorrnarp Franz, VDI Zeitschrift (Dusseldorf), V. 
100, No. 3, Jan. 21, 1958, pp. 81-92 
Reviewed by Aron L. Mrrsxy 

A well-illustrated survey of the various 
types and recent applications of slipforms and 
climbing forms. 


Large “‘shell’”’ dome 
Concrete and Constructional Engineering (London), V. 
53, No. 9, Sept. 1958, pp. 313-319 

A doubly curved dome, 125 ft square, has 
been built to cover two tennis courts at 
Wimbledon, England. Boundary members of 
the shell are supported on four corner columns. 
The shell is 3 in. thick except for a width of 
11 ft 6 in. along each side in which the thick- 
ness is increased, and has the form of a para- 
boloid with a span of 175 ft and a rise of 24 ft 
484 in. Design and construction details are 
given. 


Construction of the exposition palace 
of the Centre National des Industries et 
Techniques (in French) 
M. A. Bavency-Bearn and M. G. Lacomsr, Supple- 
ment to Annales de L'Institut Technique du Batiment 
te des Travaux Publics (Paris), No. 124128, July-Aug. 
1958, Series Technique Général de la Construction 
(24), pp. 876-902 

The Exposition Palace has the form of a 
three-faced ribbed vault with a double shell. 
The total span of the rafter is 820 ft for a 
rise of 152 ft and the span of the tympanums is 
715 ft between abutments. The thickness of 
the double shell is 5 ft 11 in. at the key of the 
vault and the total surface covered is 336,800 
sq ft. The thrusts of the vault on the three 
abutments are absorbed by hard steel tie rods 
located in the fagades. 


Three different types of floor were used. A 
double slab technical floor of 115,738 sq ft 
constructed at the center of the building at a 
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height of 39 ft 5 in. on a triangular plan is 
supported by 51 columns; it consists of pre- 
fabricated prestressed elements. 

Four floors totaling 570,487 sq ft on four 
levels run along the sides of the triangle 
covered by the vault. They consist of ribbed 
slabs resting on prefabricated beams. Lastly, 
33,291 sq ft of standard floors on two levels 
are located at the corners of the building. 

Double circulation stairs run to a height of 
59 ft without intermediate supports. 


A decade of progress in reinforced 
concrete construction in Germany, 
(Zehn Jahre Entwicklung des Stahlibe- 
tonbaues in Deutschland) 
Watrer Nakonz, Der Bauingenieur (Berlin), V. 33 
No. 1, Jan. 1958, pp. 2-6 
Reviewed by Aron L. Mirsky 

An interesting review of progress in Ger- 
man concrete construction: practices over the 
past decade, ranging from mechanization to 
precasting and prestressing, and placing con- 
siderable emphasis on the increase in specified 
strength of structural concrete. 


Wuppertal municipal pool (Das Stadt- 
bad Wuppertal) 


Der Bauingenieur (Berlin), V. 32, No. 9, Sept. 1957 
pp. 344-359 


Planning, layout, construction, costs 
Friepricn Herzext, p. 344-348 


Design of a suspended roof of lightweight con- 


- crete and technical considerations 


Fritz LEoNHARDT and WotrHaRt ANDRA, pp. 349- 
353 


Layout and construction of the prestressed sus- 
pended roof 
H. J. Euurrz, pp. 353-359 


Reviewed by Aron L. Mirsky 

Main structure contains swimming and 
diving pool and grandstand-type seats; at- 
tached building has dressing rooms, etc., and 
a shallow pool for nonswimmers. Former 
overshadows latter, both for its spectacular 
external appearance and its construction: 
east and west walls are inclined (to accommo- 
date the seats for spectators) with the upper 
portions extending beyond the vertical wall- 
supports; the singly curved suspended roof, 
of lightweight prestressed concrete, spans 65 
m (chord length) between these walls. Rea- 
sons for single curvature, rather than double 
curvature as in the Livestock Judging Pa- 
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vilion at Raleigh, N. C. (Engineering News- 
Record, Feb. 5, 1953, pp. 31-37; “Current 
Reviews,’ ACI Journat, June 1953, p. 975) 
are discussed by Leonhardt and Andra. De- 
sign of roof as a cylindrical-type shell was 
checked by test-loading. 


Portishead ‘‘B’’ power station, with 
particular reference to the circulating- 
water works 
Horace D. Moraan, Cuartes K. Hasweun, and 
Louis Sancua, Proceedings, Institution of Civil En- 
gineers (London), V. 7 (session 1956-57), August 1957, 
775-816; discussion, pp. 816-826* 
Reviewed by Aron L. Mirsky 

An interesting paper describing construc- 
tion of a large (360 million watt ultimate 
capacity) power plant on the Severn Estuary. 
Complicating factors included a 51 ft maxi- 
mum tidal range, complicated geological for- 
mations (including coal strata), and sloping 
bedrock. In the latter stages of construction, 
fly ash from the first boilers to be commis- 
sioned was used in the concrete. 


*For additional discussion, see issue of Dec. 1957, pp. 
435-436. 


Construction Techniques 


Structures with self-supporting rein- 
forcement 
M. Mencu, Concrete and Constructional Engineering 
(London), V. 53, No. 10, Oct. 1958, pp. 349-355 
Describes the erection of monolithic rein- 
forced concrete structures in Czechoslovakia 
with welded self-supporting frames of rein- 
forcement to which steel netting with a mesh 
of about 1/6 in. square is attached. Wires of 
the netting are at 1/5-in. centers and have a 
diameter of about 1 mm; weight is about 
0.41 lb per sq ft. System avoids use of almost 
all formwork and centering. In placing the 
concrete it is said that only a negligible 
quantity of concrete falls through the mesh 
of the netting. 


Lamps heat concrete to keep work 
moving at Noxon Rapids Dam 
Ratpu Monson, Contractors and Engineers, V. 55, No. 
10, Oct. 1958, pp. 28-35 

Radiant heat from banks of infrared lamps 
warmed certain structural concrete sections 
of the Noxon Rapids Hydroelectric Develop- 
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ment, Montana, during cold weather con- 
struction. Contractor used this method of 
heating horizontal construction joints in 
structural concrete. These assemblies were 
suspended about 10 ft above the construction 
joints of the concrete. Before a placement 
was started, the lights were turned on for a 
short period to melt any ice in the forms and 
to heat form and concrete surfaces. The heat 
lamps were kept on while concrete was being 
placed and for as long as the cold period 
lasted or until curing was complete. The sur- 
face being heated was covered with a thin 
layer of water to keep the surface from drying. 
Forms were left in place to provide insulation 
for vertical concrete surfaces. Water and 
aggregates were heated when necessary and 
the concrete was usually placed at 45 to 55 F. 


Design 


Analysis of membrane stresses in a 
thin shell of revolution (Calcul des con- 
traintes de membrane dans un voile 
mince de révolution) 
P. Layranaves, Annales des Ponts et Chaussées (Paris), 
V. 127, No. 5, Sept.-Oct. 1957, pp, 517-547 
Reviewed by Aron L. Mirsky 

Starting with the general equations of 
equilibrium, author obtains simple expressions 
which are then used to derive the equations of 
equilibrium of a tank or tower whose median 
surface is a hyperboloid of revolution of one 
sheet, under any distributed-type loading 
normal to the surface. In particular, author 
then investigates stresses due to wind in 
hyperbolic and truncated-cone towers and 
elliptic domes. 


Analysis of continuous cylindrical 
shells by the method of successive 
approximations 
Gunuarp Oravas, The Structural Engineer (London), 
V. 36, No, 8, Aug. 1958, pp. 253-266 

Avtror's SUMMARY 

A method of successive approximations is 
presented for the analysis of reinforced con- 
crete cylindrical shells of rotational symmetry 
continuous at their boundaries and of constant 
thickness. 

This problem is of practical importance in 
the design of tanks, bins, and pressure vessels. 
This method is based on simplifying assump- 
tions associated with reinforced concrete and 
therefore subject to definite limitations in its 
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applications. A set of design graphs included 
aids the designer’s numerical work. Two 
simple applications of the method are given. 


Combined footings on elastic soil (in 
Hebrew) 


Z. GetzuEr, In the Field of erwces Bulletin No. 55, 
Technion Israel Institute of Technology (Haifa), 1958, 


16 pp. . 
AvtTHor’s SUMMARY 


Four design methods: are illustrated with 
numerical examples: 

(a) The common method, based on a linear 
stress distribution. 

(b) Winkler’s elastic bed method, based on 
a constant subgrade coefficient. 

(c) The semi-infinite solid method, based 
on a correct stress distribution according to 
Boussinesq. 

(d) Approximations. 

The applicability of each method under the 
various soil conditions is discussed. 


Analysis of a simple braced barrel 
vault 
Asoxe Guosn, Indian Concrete Journal (Bombay), V. . 
32, No. 8, Aug. 1958, pp. 278-281 

Author gives an idea of the stress variation 
in two cases. Equations are offered which are 
said to simplify the computation and give 
answers reasonably close to the exact solu- 
tion. 


Design of eccentrically loaded columns 
by the load factor method 
J. D, Bennert, Concrete Publications, Ltd., London, 
1958, 40 pp., $1.90 
Tables for the design of beams and 
slabs (by the load factor and elastic 
methods according to British Standard 
Code 114:1957) 
Jacques 8. Conn, Conerete Publications, Ltd., Lon- 
don, 1958, 16 pp., $1 

These concise yet comprehensive bro- 
chures have been prepared to simplify the 
design of reinforced concrete in accordance 
with the load factor method as recommended 
by British Standard Code No. 114 issued in 
1957. Mr, Bennett’s work gives 20 charts 
for the design of columns subjected to direct 
load and bending about one axis of symmetry, 
and reinforced symmetrically or unsymmetri- 
cally with mild steel and cold worked bars. 
Mr. Cohen’s tables relate to the design of 
rectangular beams by the load factor method 


7 Bi 


es oe eS A fT Te FS 


7 


— NS. 


~ 


» 


we 


CURRENT REVIEWS 


and also by the elastic method, so that it is 
possible to see at a glance which is the most 
economical for any particular beam. Worked 
examples are given with both sets of tables. 


Numerical method for determination of 
critical buckling loads of two-hinged 
elastic arches 
P.N. CHATTERJEE, Journal of Technology, Bengal En- 
gineering College (Calcutta), V. 2, No. 2, Dec. 1957, 
pp. 145-149 

AvtTHor’s SUMMARY 

In the proposed method, the fundamental 
buckling configuration of a two-hinged arch 
is numerically determined by the procedure 
of successive approximation from which the 
critical horizontal thrust and the buckling 
load can be determined. The procedure, if 
used in conjunction with an energy method, 
yields accurate results even with relatively 
large finite difference intervals and few 
eycles of successive approximations. 

A modification of the proposed procedure 
for determination of critical horizontal thrust 
for the second mode of buckling is also dis- 
cussed. Some typical curves showing the 
variation of the values of critical horizontal 
thrust of two-hinged arches having constant 
moment of inertia but different rise-span 
ratios are presented. 


Pier slab system 
Concrete Construction, V. 3, No. 8, Aug. 1958, pp. 6-9 


Describes a residence foundation design 
called “intermediate pier floor slab construc- 
tion”’ Important difference between this 
design and conventional slab-on-ground con- 
struction is that the concrete floor, reinforced 
with welded wire fabric, is a semi-structural 
slab somewhat similar to a bridge deck. The 
weight of the slab and its residential load is 
actually borne by the foundation walls and 
intermediate supporting piers which pene- 
trate to undisturbed soil. 


Analysis of conical elements of revo- 
lution in flexure (Calcul des piéces 
coniques de révolution travaillant a la 
flexion) 


Ma Min-Yuan, Annales des Ponts et Chaussees (Paris), 
V. 128, No. 1, Jan.-Feb. 1958, pp; 87-113; No. 2, Mar.- 


Apr. 1958, . 175-230 
=, Reviewed by Aron L. Mirsky 


Derivations, based on simplifying assump- 
tion that thickness is quite small compared to 
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other dimensions, of expressions for quasi- 
circular plates and quasi-cylinders, and 
finally of formulas applicable to true cones. 
Author states his solution is rigorous yet 
simple to apply; comparison with the results 
of Taylor and Wenk indicates accuracy is 
also high. As examples of structural appli- 
cations of cones of revolution, author cites 
floors and roofs of tanks, silos, kiosks. 


Simplified analysis of symmetrical 
frames and beams by moment dis- 
tribution (Calcul simplifié des porti- 
ques et poutres symétriques d’aprés 
la méthode de Cross) 
Spmrcr Wornowsky-KrirceEr, L'Ingénieur (Montreal), 
V. 43, No. 172, Winter, 1957, pp. 28-30; V. 44, No. 
173, Spring, 1958, pp. 34-36 
Reviewed by Aron L. Mirsky 

Just as a shortcut is possible if one end of a 
beam is hinged while the other end is fixed, 
so other simplifications are possible if struc- 
ture and loading are symmetrical. Theoreti- 
cal basis of simplifications is shown and appli- 
cation is illustrated by three worked examples. 


Pavements 


Design and construction of concrete 


roads overseas 
Artruur R. Conzins and Dovanas R. SHarp, Pro- 
ceedings, Institution of Civil Engineers (London), V. 9 
(session 1957-58), Jan. 1958, pp. 23-64; discussion, 
Aug. 1958, pp. 553-568 

An interesting and informative survey. 
Construction practices and design specifica- 
tions in many countries, especially the 
United States, Germany, Holland, Belgium, 
and Denmark, are tabulated as well as dis- 
cussed in the text, and there are 21 excellent 
photographs, particularly of construction 
equipment and practices. Authors reach the 
general conclusion that “while concrete road 
design and construction in various countries 
differ in some important details there are no 


differences in principle.” 


Tests of concrete pavements on gravel. 


subbases 
L. D. Cups and J. W. Kapprnick, Proceedings, 


ASCE, V. 84, HW 3, Oct. 1958, pp. 1800-1-1800-31 
AUTHORS’ SUMMARY 
Concrete pavement slabs 8 in. x 12 ft x 18 
ft joined by 1-in. round dowels were sub- 
jected to static loads to study the effect of 
various thicknesses of open-graded sand and 
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gravel subbases on the strength of the com- 
posite pavement structure. Deflections and 
strains in the concrete and pressures on the 
subbase and subgrade were measured for 
eight load positions when the slab was flat 
and when it was curled upward at corners 
and edges. 

The experiments showed that open-graded 
sand and gravel subbases under flat slabs 
were more effective in reducing free-corner 
and free-edge deflections than in reducing 
strains. Under edge loads the subbases were 
less effective in reducing deflections and 
strains than under corner loads. 

Pressures between the slab and subbase 
increased with subbase thickness but press- 
ures on the subgrade diminished slightly as 
subbase thickness increased. 

These tests indicate that the most prac- 
tical formulas for the computation of stresses 
and deflections in concrete pavements due to 
loads are Westergaard’s original 1926 equa- 
tions for interior loads, his 1947 equations 
for edge loads, and Pickett’s 1946 equation 
for stresses due to corner loads. 


The history of road tests 
E. A. Finney, Proceedings, ASCE, V. 84, HW 3, Oct. 
1958, pp. 1796-1-1796-21 
Avuruor’s SUMMARY 

This report traces the construction of 
different types of road tests in the United 
States from the latter part of the 18th cen- 
tury to the recent AASHO Road Test in 
Illinois. Five distinct periods of road build- 
ing history in this country are mentioned. 
Road testing is discussed in relation to these 
periods. Whenever possible, a brief descrip- 
tion is given for each road test project includ- 
ing the date of construction, purpose, scope, 
and reported findings. 


Prestressed Concrete 


Determination of maximum amount of 
reinforcing steel in prestressed concrete 
beams (in Rumanian) 
I, P. Mint, Revista Constructiilor si a Materialelor de 
Constructii, (Bucharest) V. 10, No. 1, 1958, pp. 19-24 
Reviewed by J. J. Pexkwes 
Referring to previous studies by Freifeld, 
Ratz, Berdicevski, and Mihailov, on criteria 
regarding fissures and ruptures under various 
amounts of reinforcing in the compression 


and tension zones, theoretical derivations are 
compared with testing results. Further ref- 
erences are made to research and publications 
by Laupa, Siess, Newmark, Elstner, Hogne- 
stad, Janney, McHenry, and Chambaud. 


Report on floor or roof construction 
consisting of prestressed concrete 
double tee slabs 
Retardant Report No. 4123-1, Underwriters’ Labora- 
ar Inc.; Journal, Prestressed Concrete Institute, 

. 3, No. 2, Sept. 1958, pp. 13-33 

A fire endurance test was conducted on 
precast prestressed concrete double tee slabs. 
The assembly was tested without concrete 
topping on the slab. The precast prestressed 
units of the design tested, without normal 
concrete topping, showed stability under 
standard fire test conditions for 2 hr. 


Comparative analysis of specifications 
and practice on prestressed concrete 
used in various countries 
ANDRE Papvart, Proceedings, Second Congress of 
Fédération Internationale de la Précontrainte, Am-. 
sterdam, 1955 (published 1958), pp. 757-775 

An interesting comparison of specifica- 
tions which exist in 7 countries. The only 
U.S. document analyzed was the criteria for 
prestressed concrete bridges issued by the 
Bureau of Public Roads. One is struck by 
the divergences which appear in the rules of 
the various countries on any given subject. 


Prestressed concrete cylindrical tanks 
Leonarv R. Creasy, Proceedings, Institution of Civil 
Engineers (London), V. 9 (session 1957-58), Jan. 1958, 
pp. 87-114; discussion, July 1958, 419-431 
Reviewed oa Aron L. Mirsky 

Discussion of design and _ construction 
practices, with especial attention to the 
effect of fixing the bottom of the wall at the 
base slab instead of using a joint detail per- 
mitting sliding. Costs and economic propor- 
tions for given capacities are briefly touched 
on. 


Prestressed pressure pipelines for 

Athens aqueduct 

P J. D i 

Sept. 1058, heat oe 5 Civil Engineering, V. 28, No. 9, 
The 25-mile extension to the Athens aque- 

duct will utilize prestressed concrete pipe- 

lines in the pressure sections and in a 22,000-ft 
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siphon crossing a valley. The methods a- 
dopted for manufacturing, transporting, plac- 
ing, and testing the 52-in. diameter pre- 
stressed pipe are described. 


Bond in pretensioned prestressed con- 


crete 
Ken-1Ttro Asn, Proceedings, Symposium on Pre- 
stressed Concrete and Composite Beams, Toyko, Sept. 
4, 1954 (published Nov. 1955) pp. 22-26 
AuTHOR’s SUMMARY 

There is no general method to observe the 
bond in pretensioned prestressed concrete. 
The wire must be tensioned before the con- 
crete is placed, and released after the con- 
crete has developed sufficient strength. The 
draw out test can not be adopted in this case; 
because the wire will slip in the concrete 
when it is released if the length of embedment 
of the wire in the concrete is shorter than 
twice the bond length, and if longer, it will 
be unable to draw out the wire. A simple 
and practical method for observing bond is 
suggested, and some test results of this method 
reported. 


No winter shutdown for prestress plant 
in turning out bridge girders 
Brut ALLEN, Contractors and Engineers, V. 55, No. 10, 
Oct. 1958, pp. 42-47 

Describes operations of a prestressing 
plant with outdoor casting beds and how the 
plant adapted methods to meet severe weather 
conditions, including temperatures of 18 F. 
‘In spite of the extra work made necessary 
by cold weather, the plant was able to turn 
out 1120 ft of bridge girders per day. 


Proceedings of the Second Congress of 
the Fédération Internationale de la 
Précontrainte (in French, German, and 
English) 

Fédération Internationale de la Précontrainte, London, 


1958, 990 pp., $15 (available from Cement and Con- 
crete Association, London) 


Includes all papers, general reports, and 
discussions, presented at the Second Con- 
gress held in Amsterdam in 1955. 

— Covers the following topics: function of 
grouting and anchorages in the behavior of 
prestressed elements; experience and prob- 
blems concerning the manufacture and use of 
steel for prestressing; progress of precast 
prestressed work in the factory and the as- 
sembly by prestressing on the site of precast 


823 


units; moment distribution in statically in- 
determinate prestressed structures beyond the 
elastic phase; and influence of plasticity on 
the strength and instability of thin prestressed 
shells. 

An additional section contains a compara- 
tive analysis of specifications in various 
countries and statements on the economic 
advantages of prestressed concrete. 

(Many of the individual reports will be re- 
viewed separately in the “Current Reviews” 
section as space allows. ) 


Recommendations for end anchoring 


systems 
STUVO (Netherlands) Commirrer on Enp ANCHOR- 
Inc Systems, Proceedings, Second Congress of Féd- 
ération Internationale de la Précontrainte, Amster- 
dam, 1955 (published 1958), pp. 57-68 
AvuTHOR’S SUMMARY 

Gives some considerations on the behavior 
of end anchoring systems (the Freyssinet and 
Magnel systems) in regard to slip. The 
theoretical considerations are supplemented 
by the results of a series of experiments. 

The research resulted in the issuance of 
recommendations regarding the method of 
tensioning and anchoring, and the drawing 
up of a number of requirements to be stipu- 
lated for an anchoring system. 


Tests of optimum value of tension in 
prestressing cables (Recherche de la 
valeur optimum de la tension des ar- 


matures de précontrainte) 
Pp. Xurcavins, Proceedings, Second Congress of Féd- 
ération Internationale de la Précontrainte, Amster- 
dam, 1955 (published 1958), pp. 194-204 

These tests show that the ultimate strength 
under fatigue measured on three series of 
beams with the same static ultimate strength 
increases with the permanent stress in the 


steel. 


Test of continuous prestressed beams 
in the plastic range and at rupture 
(Etude expérimentale de poutres con- 
tinues précontraintes dans le domaine 


plastique et a la rupture) 
Grioreio Maccut, Proceedings, Second Congress of 
Fédération Internationale de la. Précontrainte, Am- 
sterdam, 1955 (published 1958), pp. 501-543 

Three prestressed continuous beams were 
tested to follow the distribution of moments 
in the various~phases up to failure and to 
study their inelastic deformations. The ulti- 
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mate failure moment was determined both 
theoretically and experimentally; it was found 
that in no case did complete redistribution 
of moments occur. 


Ultimate strength of two-span con- 
tinuous prestressed concrete beams as 
affected by tendon transformation and 


un-tensioned steel 


P. B. Morice and H. E. Lewis, Proceedings, Second 
Congress of Fédération Internationale de la Précon- 
trainte, Amsterdam, 1955 (published 1958), pp. 561- 
84 


Results of laboratory tests on two-span 
prestressed beams indicate that the ultimate 
load does not vary under tendon profile 
transformation. They also show that the 
method of calculation for ultimate moments of 
resistance of sections outlined by the authors 
with un-tensioned steel provides results in 
fair agreement with those measured. 


Some creep tests on steels for pre- 
stressed concrete 
G. M. Canta, Proceedings, Second Congress of Féd- 
ération Internationale de la Précontrainte, Amster- 
dam, 1955 (published 1958), pp. 178-193 

The results of 40 creep tests are discussed 
in which the stresses varied over a wide range. 
The steels may be divided into three types: 
(1) cold-drawn steel wire; (2) cold-drawn and 
aged steel wires; and (3) hardened and tem- 
pered steel wire. It was generally found that 
under extremely high stresses normal cold- 
drawn wire behaves better than cold-drawn 
heat treated wire and quenched and tem- 
pered wire. The usefulness of relaxation 
data is emphasized. 

An appendix adds the preliminary testing 
specifications for high tensile steel for pre- 
stressing issued in the Netherlands. 


Research on a prestressed concrete 
north-light shell structure 

A. M, Haas, Proceedings, Second Congress of Fédéra- 

tion Internationale de la Précontrainte, Amsterdam, 

1955 (published 1958), pp. 659-674 

To investigate the influence of prestressing 
on the buckling of a north-light shell roof, 
tests were conducted on cardboard and rein- 
forced mortar models. 

Tests on cardboard models confirm the 
expectation that elastic buckling is not 
liable to occur. There are as yet no reliable 
formulas for inelastic behavior, and tests 
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were therefore made on a one-tenth scale 
model. The model, of prestressed mortar, 
was loaded in stages up to failure. The factor 
of safety deduced for the actual structure 
was more than 314. 


Properties of Concrete 


A comparison of cement strengths in 
mortars and concretes 

Myron A. Swayze, ASTM Bulletin, No. 232, Sept. 
1958, pp. 54-57 

Data are presented on the relationship be- 
tween: (1) tensile strengths of briquets and 
flexural strengths of 40-mm prisms; (2) be- 
tween strengths of 2-in. cubes and modified 
40-mm cubes; (3) between briquet strengths 
and concrete cylinder strengths; (4) between 
compressive strength of cylinders and flexural 
strength of prisms; (5) between compressive 
strength of concrete cylinders and mortar 
cubes; and (6) between concrete cylinders 
and modified mortar cubes. 

The author believes that for the determi- 
nation of the flexural and compressive 
strengths of cement mortars, the 40-mm 
prism should supplant both the briquet and 
the 2-in. plastic mortar cube. 


Effects of air-entraining agents on 
mortars (in Swedish) 
Erik Hoosera, Nordisk Betong (Stockholm), V. 2, 
No. 3, 1958, pp. 313-320 
Reviewed by Marcarer Corpin 
Optimum air content in mortar used in 
masonry and plaster work is defined as 10 to 
15 percent by volume of fresh mortar. Air 
bubbles shall be stable and uniformly dis- 
tributed; their mean diameter shall not ex- 
ceed 0.2 mm. These conditions result in 
improved plasticity and workability of the 
mortar. The quantity of mixing water be- 
comes reduced and the volume of fresh 
mortar somewhat increased, resulting in a 
slightly lower weight per unit volume of the 
mortar. Water retention is also improved 
and segregation less likely to occur, The 
strength of mortars with high cement con- 
tent shows a slight decrease, especially when 
air humidity is low. The strength of mortar 
containing 2 parts lime, 1 part cement and 12 
parts sand by volume remains practically 
unchanged; a higher lime content results in a 
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strength gain. Frost resistance is consider- 
ably improved. Air-entraining agents may 
have a harmful effect if added in excessively 
large quantities. 


Influence of shrinkage on the variation 
of the dynamic modulus of elasticity 
of concrete with rapid setting cement 
(in Rumanian) 
Facaoaru and G. Srancunasscu, Revista Construc- 
tiilor si a Materialelor de Constructii (Bucharest), V. 10, 
No. 1, 1959, pp. 15-19 
Reviewed by J. J. PotivKa 

Referring to previous research and experi- 
ments by Dutron, Lucas, L’Hermite, Shank, 
Thomas, Whitney, Goodell, and theoretical 
investigations by Freyssinet, L’Hermite, 
Seikin, and Pickett, tests performed by au- 
thors at the Rumanian Research Institute 
are thoroughly described and _ discussed. 
Various relationships between the relative 
humidity of concrete and resonant frequen- 
cy, and the effect of relative humidity (40 
and 100 percent) on ultimate strength and 
modulus of elasticity during the period from 
1 to 28 days are demonstrated in diagrams 
and tables. Of special interest are results 
concerning properties and preservation of 
concrete with rapid setting cements. Further 
references are made to V. Nicolau and sonic 
testing methods described by A. Hutter in 
Bauplanung und Bautechnik, Sept. 1955. 


Temperature damage in concrete and 


measures for its prevention (Temper- 
aturschaden im Beton und Massnah- 
men zu ihrer Verhitung) 
B. Hamen, Der Bauingenieur (Berlin), Vercoq Non Jy 
Jan. 1958, pp. 6-10 
Reviewed by Aron L. Mirsky 

A subject of more than passing interest, 
ably discussed with the aid of several object- 
lesson photographs. While remedies listed 
are not new, they bear reiteration. 


Stresses due to shrinkage in sym- 
metrically reinforced ferroconcrete ele- 
ments with reference to the non- 


linear creep of concrete (in Russian) 


M. M. Manvryan, Izvestiya Akademii Nauk Armyan- 
skoi SSR (Erevan), V- 7, No. 3, 1954, pp. 19-32 

Appiuiep Mrcuanics REvIEWs 

Aug. 1958 (W. Olszak) 


An examination is made of the appearance 
and development of stress, appearing at 
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times as the result of shrinkage of concrete 
in symmetrically reinforced ferroconcrete 
elements with reference to the nonlinear creep 
of concrete. External loading is not taken 
into account. The measure of shrinkage 
creep of concrete, as also the function char- 
acterizing the nonlinear relationship between 
the stresses and deformations of creep, is — 
taken to be in the form advocated by 
Arutyunyan. The function f(o) = o + fo? 
with the small parameter 6 expresses a weak 
nonlinearity of this bond. 

An analysis is performed of the solutions 
depending on the relation of the parameters 
characterizing the intensivity of the shrink- 
age and creep of the concrete. The calcu- 
lations show that, depending on the per- 
centage of reinforcement, the stresses which 
have arisen in the concrete and reinforcement 
increase rapidly in the first 2 or 3-month 
period and then tend to stabilize. In calcu- 
lating nonlinear creep, these stresses may be 
approximately 50 percent larger than in the 
case of linear creep, and increase together 
with the increase in parameter 8. 


Corrosion of concrete by sulfuric acid 
W. C. Hansen, R. P. Veruines and W. W. Branp- 
voup, ASTM Bulletin, No. 231, July 1958, pp. 85-88 

Results of a study of methods designed to 
evaluate the resistance of portland-cement 
mortars to attack by sulfuric acid in sanitary 
sewers indicate that the attack may consist 
of corrosion by the acid and of expansion by 
reaction of calcium sulfate with tricalcium 
aluminate. 


Application of harsh concrete mixes 
and reground cement in fabrication of 


precast concrete (in Russian) 


A. A, Gorpunv, Beton t Zhelezobeton (Moscow), June 
1958, pp. 213-214 


Reviewed by D. WATSTEIN 
Recent studies in Hydraulic Structures 
Laboratory have shown that compressive 
strengths of 2700 to 3600 psi at 1 and 2 days 
can be obtained without steam curing by 
using harsh mixes with a water-cement ratio 
of 0.4 and a reground cement, or a blend of a 
regular portland cement and a reground 
cement. Reground cement was obtained by 
grinding a regular portland cement in a 
“yibro-mill” for30 min. The specific surface 
of the reground cement was about 25 percent 
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greater than that of the original cement. 
The study was carried out for a range of 
curing temperatures from 59 to 77 F and a 
6-bag mix. 


Leak-tight concrete for building tanks 
for storing crude oil and petrol (in Po- 
lish) 
F. Lecznar and S. Osxrosa, Nafta (Katowice), No. 
7-8, 1957, pp. 197-204 
Povisn TecunicaL ABSTRACTS 
No. 2 (30), 1958 
An investigation was conducted to find the 
relationships between the permeability and 
strength of concrete and: cement and aggre- 
gate, water-cement ratio, aggregate-cement 
ratio, grade of aggregate, and manner of mix- 
ing and curing concrete. The experiments 
showed that it is possible to prepare concrete 
impermeable to crude oil and petrol; how- 
ever, if good results are to be obtained, the 
total surface of cement must be higher than 
the total surface of sand and aggregate grains. 


Survey of knowledge of plastic de- 
formation and creep (Que savons-nous 
de la deformation plastique et du 
fluage du beton?) 

M. R. L’Hermire, Supplement to Annales de L'In- 
stitut Technique du Batiment et des Travaux Publics 
(Paris), No. 117, Sept. 1957, Series Beton, Beton Armé 
(46), pp. 778-809 

The author has analyzed a hundred French 
and foreign publications which have appeared 
during the past 40 years. He has established 
a synthesis of the present state of the prob- 
lem of the plastic deformation and creep of 
concrete, 

The effects of the composition of the con- 
crete, of the method of conservation, of the 
volume under stress, the age of the concrete, 
the importance and duration of the loading 
and unloading are also considered. Creep 
under different stress conditions is also 
examined. The creep is an hydro-constrictive 
phenomenon dependent upon the movements 


of the water; it is covariant with the shrink- 


age. The state of deformation tends towards 
a value proportional to the stress with a 
minimum corresponding to the shrinkage. 
The deformation follows a law similar to that 
for viscosity: 
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The rate of creep appears to reduce pro- 
portionally as the volume required increases. 

Testing and measuring apparatus are de- 
scribed and numerous experimental results 
are presented. A theory is proposed and 
presented in an impartial and objective 
manner, rather to satisfy the demands of 
those engaged in research and in experiment 
than to give a theoretical conclusion on the 
problem. 


Concrete on the west coast of Jutland. 
Part 2—Concrete durability 

G. M. Iporn, Progress Report B 2, Committee on 
Alkali Reactions in Concrete, Danish National Insti- 
tute of Building Research and Academy of Technical 
Sciences, Copenhagen, 1958, 12 D.kr. (25 percent 
reduction may be obtained by ordering the whole 
series) 

This report is a continuation of Progress 
Report B1 (‘Current Reviews,’ ACI 
JOURNAL, Oct. 1958. p. 519). It surveys 
three previous service records on the behavior 
of concrete structures on the west coast of 
Jutland prepared in 1914, 1924-27, and 1952. 
The information gained from these investi- 
gations is discussed. Types of deterioration 
included map cracking, warping, incrustations 
on concrete surfaces, abrasion and/or erosion, 
scaling, pop-outs, and complete disinte- 
gration. Emphasis is placed on attack by 
freezing and thawing, chemical effects of sea 
water, and alkali reactions. 


Cement-aggregate reaction in con- 
crete of a Canadian bridge 


E. G, Swenson, Proceedings, ASTM, V. 57, 1957, 
pp. 1043-1056 


AvurHor's SUMMARY 

A study was made of a concrete bridge 
deck which had expanded abnormally over a 
period of more than 25 years. The two deck 
sections involved, made with different aggre- 
gates, were found to have been affected by. 
different. types of cement-aggregate reaction. 
One section had been seriously affected by 
alkali-aggregate reaction involving mainly a 
phyllite in the coarse aggregate, but the 
actual expansion and extensive deterioration 
of the concrete was attributed in large part 
to freezing and thawing under adverse 
moisture conditions. A feature of this case 
was the failure of the mortar bar test to 
reveal potential reactivity in the source 
material in spite of other evidence. Some 
possible explanations are considered. In the 
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second section, abnormal expansion was 
probably due to the sand component which 
-was shown to be reactive in the Conrow test, 
ASTM C 342. 


Experiences with strain measurements 
on prestressed concrete structures 
(Erfahrungen bei Dehnungsmessun- 
gen an Spannbetonbauwerken) 
BERNHARD Fritz, VDI Zeitschrift (Diisseldorf), V. 100, 
No. 2, Jan. 11, 1958, pp. 49-58 
Reviewed by Aron L. Mirsky 

Author first discusses mounting and water- 
proofing of electric resistance gages and 
leads, and a study of gage creep over long 
periods of time due to the very large strains 


, (4.5 percent) in prestressing wires stressed to 
/ 95 kg per sq mm. He then summarizes re- 
s sults of investigations of stresses and loss of 
z prestress due to cable draping and friction, 
in both test girders and actual bridges. Cor- 
' respondence between calculated and meas- 
— ured values is quite good. 


Structural Research 


Flexural strength of hollow unit con- 
crete masonry walls in the horizontal 
span 
A. R. Livineston, Epwarp MANGOTICH, and ROBERT 
Dixxers, Engineering Report No. 29, 1958, Iowa En- 
gineering Experiment Station, Iowa State College 
Bulletin, V. 57, No. 2, June 11, 1958, 18 pp., $.50 

Results of a limited series of tests on the 
flexural strength and factors affecting the 
flexural strength of concrete masonry walls 
built with hollow units laid in running bond 
in the horizontal span. Variables included 
mortar composition, block moisture content, 
and wall thickness. 

Variation in the mortar composition and 
strength had no significant effect on the 
values of modulus of rupture in the hori- 
zontal span or on the secant modulus of 
elasticity in flexure. Variation in the block 
moisture content at the time of construction 
did not noticeably affect the flexural strength 
er secant modulus of elasticity of 8-in. con- 
crete masonry walls in the horizontal span. 

The modulus of rupture of concrete ma- 
sonry walls built of hollow units laid in 
 yunning bond decreased appreciably with in- 
creasing wall thickness. The modulus of 
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rupture of the wall panels tested appeared 
to be a direct function of the modulus of 
rupture of the individual units (4, 8, and 12 
in. thick) of which the wall was constructed. 


Bend tests on Danish Tentor reinforcing 
bars, based on the German Code of 


Practice 
Axnt Ersen, Preprint of report presented at RILEM 


Symposium, Liége, Belgium, July 3-5, 1958, 8 pp. 

A test series of 200 specimens covering a 
wide range of sizes appears to indicate that 
Danish Tentor reinforcing bars comply with 
the German code provisions for testing the 
bending capacity of transverse-ribbed rein- 
forcing bars. 


Tests of shear connectors for com- 


posite beams 
Yosuio Tacurpana, Proceedings, Symposium on Pre- 
stressed Concrete and Composite Beams, Toyko, Sept. 
4, 1954 (published Nov. 1955) pp. 90-96 

Failure tests of several shear connectors for 
composite beams were made, and 31 speci- 
mens were tested and compared in classify- 
ing 11 groups. Describes test procedure; 
shapes of the shear connectors are illustrated; 
materials used and results of tests are given 
in table form. 


Increase in concrete modulus of elas- 
ticity due to prestress and its effect on 


beam deflection 


H. J. Brerrin, Constructional Review (Sydney), V- 31, 
No. 8, Aug. 1958, pp. 32-35 


AUTHOR'S SUMMARY 

The creep strain of concrete is partially 
removed by preloading and the resulting 
concrete stiffened in the process. It follows 
that the concrete modulus of elasticity is In- 
creased and the subsequent deflection of a 
concrete structure thereby reduced. A re- 
lationship between prestress and both the 
ultimate strength and modulus of elasticity 
is experimentally established for axially 
loaded concrete cylinders. This relationship 
is used to predict the deflection of 26 pre- 
tensioned beams of dimensions 6 in. x 4 in. x9 
ft, and the comparison of the theoretical with 
the observed deflections shows reasonable 
agreement. , 
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Destruction of a concrete rolling mill 
base by oil emulsion (Zerstérung eines 
Walzwerk-Betonfundamentes durch 
Ol-Emulsion) 
Heinz Kaminski, VDI Zeitschrift (Disseldorf), V. 
100, No. 20, July 11, 1958, pp. 851-854 
Reviewed by Aron L. Mirsky 

Lubricating or cooling oil in conjunction 
with cooling or emulsifying water can cause 
disintegration of concrete machine bases. 
Attack is intensified by high temperatures 
involved in rolling mill operation. Paper 
discusses breakdown of oils during use and 
presents a case history of damage and 
method of repair. It is pointed out that the 
only real solution is prevention, which is best 
accomplished in the design stage. 


The contemporary curtain wall 
Wituiam Duptey Hunt, Jr., F. W. Dodge Corp., 
New York, 1958, 462 pp., $12.75 

A comprehensive review of the develop- 
ment and use of curtain walls with skeleton 
frame buildings. Author analyzes and evalu- 
ates these walls, their functions and mal- 
functions, component parts, materials, and 
installation. Pitfalls are pointed out, known 
solutions outlined, and accepted good prac- 
tice specified. Tables and lists give data on 
insulating efficiency, fire resistance, and di- 
mensional stability. 


Simplified construction of mixers and 
stirrers on the “‘Convergence-Diver- 
gence” principle 
M.S. Frenxen, The Engineers Digest (London), V. 18, 
No. 10, Oct. 1957, pp. 443-445 
Reviewed by Aron L. Mirsky 
Previous articles by author (eg., Engineers 
Digest, Nov. and Dec., 1956, pp. 475-480 and 
509-510; “Current Reviews,’ ACI Journat, 
July 1957, p. 87) described the ‘“Convergence- 
Divergence” principle and the basic construc- 
tion of crushers and other equipment, based 
on this principle, which used two rotating 
components. The simplified application of 
this principle uses only one rotating com- 
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ponent, with no apparent reduction in 
efficiency. A wide range of applications is 
described. 


Splicing of cold worked reinforcing 
bars by electric arc welding 

Axe. Ersen, Preprint of report presented at RILEM 
Symposium, Liége, Belgium, July 3-5, 1958, 12 pp. 

This paper deals with electric arc welding 
of splices and anchorages for cold worked 
bars. 

The joint is covered by an appropriate 
angle which serves as reinforcement and also 
as a practical means for executing the weld- 
ing. The design of the joint is so arranged 
that little heating from the are will take 
place in the zone where the bar is leaving the 
angle, and the heat will, therefore, inflict an 
insignificant damage on the cold worked ma- 
terial in the place where it could be damaging. 
The test showed that it was possible to make 
such joints in cold worked bars of the type 
used in the investigation. 


Papers of the German Concrete So- 
ciety meeting 1957 
Deutscher Beton-Verein E. V., Berlin, Sept. 1957, 356 
xi Reviewed by Joun W. T. Van Erp 
Yearbook contains 12 papers by prominent 
experts. As usual the papers do not restrict 
themselves to concrete. The first paper for 
instance goes into the esthetic aspects of 
concrete construction and its influence on 
modern buildings, bridges, and prefabricated 
elements. Other papers deal with, reconstruc- 
tion of Berlin, 10-year history of concrete 
construction in Germany, the 20-story con- 
crete office building for the B.A.S.F. with 
much prestressing in it, papers on road con- 
struction, on dam structures for hydro- 
electric projects, on temperature damage to 
concrete and its prevention, building of an 
atomic reactor, and the development of a new 
concrete code. A new concept is presented 
in making use of statistical evaluation of con- 
crete tests tied in with the bid prices of a 
large job. Also, construction features of the 
tallest concrete dam in the world, the Grande 
Dixense in Switzerland, and its large storage 
capacity, the second largest in the world. 
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Title No. 55-53 reports on experiment and achieve- 
ment in prestressed pavements throughout the world. 
Six factors selected for discussion include: design prac- 
tices; choice of prestressing methods; types of aggregates 
and cements; methods of reducing subgrade friction; 
load tests and performance records; cost comparison 
with conventional pavement. 


Prestressed Pavement 


a world view of its status 
Reported by Subcommittee VI, ACI Committee 325" 


SUBCOMMITTEE VI OF ACI COMMITTEE 325 was assigned the task 
of preparing a report on the status of prestressed concrete pavement through- 
out the world. It was not intended that the subcommittee should pass judg- 
ment on the work already accomplished nor -was it intended that the report 
should include firm recommendations for work to be undertaken in this 
country. It was merely intended that various factois related to prestressed 
pavement be briefly discussed so that the subcommittee might be able to 
recommend where emphasis should be placed or where attention might first be 
focused in future studies. In other words, it was anticipated that the report 
might reveal a preliminary definition of the subcommittee’s future work and 
it was hoped that by presentation of the report interest in prestressed pave- 
ment might be stimulated. 

Sources of information for the material in this report are letter contacts 
with those agencies abroad which have conducted the work, technical and 
semitechnical papers and articles describing the foreign work, the close associa- 
tion of subcommittee members with the investigations undertaken in the 
United States, and papers describing the local work. A partial list of the 
literature reviewed is included at the end of the text. 

The largest share of investigative work in the form of field slabs and tests 
has been undertaken in England and France, and a review of the design pro- | 
cedures employed in these countries was presented at the 36th annual meet- 
ing of the Highway Research Board in 1957.1. There are reports of work done 


in Australia, Germany, India, Belgium, and Russia but in most cases there 


* f the work of ACI Committee 325, Structural Design of Concrete Pavements for High- 
wa: Be ed presented at the ACI 54th annual convention, Chicago, IIL, Feb. 26, 1958. The report 
eae submitted to letter ballot of the main committee which consists of 16 members; 13 members returned 


their ballots, all voting affirmatively. 
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are not sufficient technical details immediately available to permit study and 
analysis of these works. Efforts will be made to obtain these details, how- 
ever, and all the problems involved and their solutions will be studied before a 
guide to prestressed pavement design and construction is prepared. 


In assembling information for this presentation the six factors selected for 
discussion were: 


Design practices 

Choice of prestressing methods 

Types of aggregates and cements 
Methods of reducing subgrade friction 
Load tests and performance records 
Unit costs 


NE gh gael ae 


There are, of course, many other items of interest which could be included 
but it is believed that in this preliminary discussion these represent the prin- 
cipal factors with which the committee is concerned. 


DESIGN PRACTICES 


Prestressing functions in pavement slabs to augment the strength of con- 
crete in tension by the application of an initial compressive stress before the 
slabs are subjected to loads. To induce this initial stress two systems of 
design and construction have been employed. One is the “continuous” type 
of slab wherein no prestressing steel is used and the stressing is effected by 
using hydraulic jacks between abutments and the slabs to be stressed, or be- 
tween the slabs themselves. Slabs of this type are continuous in that there 
are no expansion joints, and the use of jacks results in gaps that are subse- 
quently filled. The other system is the “individual” type of slab in which 
stressing is accomplished through the use of high tensile strength cables which 
are post-tensioned or stretched after the concrete is hardened. 


Cables or prestressing wires have been used in a variety of patterns, the 
most common being longitudinal and transverse. In a number of instances,* 
however, wires have been placed at angles to the center line (e.g., 1814 deg, 
30 deg, 45 deg). 


Most experimental slabs have been rectangular, but on some jobs triangular 
slabs have been employed and on the London Airport rollers were inserted 
between these triangular slabs. 


Design methods to date have been somewhat empirical. Enough prestress is 
applied longitudinally to prevent transverse contraction cracks. Contracting 
slabs generally are subject to simultaneous temperature warping restraint 
stress involving compression in the bottom fiber, assisting the prestress in 
decreasing tension stresses due to load and contraction. Expanding slabs are 
subject to the greatest combined flexural bottom fiber tension from load 
and daytime warping restraint, which is counteracted by the prestress as well 
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Subcommittee VI of ACI Committee 325, Structural Design of Con- 
crete Pavements for Highways and Airports, was assigned the task of 
preparing a report on the status of prestressed concrete pavement 
throughout the world. JOHN A. BisHop, U. S. Naval Civil Engineering 
Laboratory, Port Hueneme, Calif., is the subcommittee chairman. Mem- 
bers of the committee are BENGT F. FRIBERG, Consulting Engineer, St. 


Louis, Mo.; ROBERT HORONJEFF, Institute of Transportation and Traffic 
Engineering, University of California, Berkeley; JOSEPH H. MOORE, 
Pennsylvania State University, State College; L. A. PALMER, Bureau of 
Yards and Docks, Department of the Navy, Washington, D. C.; and 
THOMAS B. PRINGLE, Office, Chief of Engineers, Department of the Army, 
Washington, D. C. 


as by frictional restraint stress under the expanding slabs.'* The prestress 
design value accordingly is not limited to the amount of residual prestress near 
midlength of contracting slabs, variously recommended at 100 to 300 psi. 
Investigators differ in their opinions on the magnitude of residual prestress 
necessary, but the range given represents a consensus of the authors of reports 
reviewed. 

Slab thicknesses have been selected rather than designed, generally with 
estimated necessary cable cover as the determining factor. 

The amount of longitudinal prestressing applied when longitudinal cables 
only or combinations of longitudinal and transverse cables have been em- 
ployed on highway slabs has varied from 90 to 410 psi with an average of 225 
psi. On airfield slabs with these same cable arrangements the average has 
amounted to about 450 psi. Where diagonal cables were used to effect the 
longitudinal prestress the average was about 275 psi. ; 

There have been several instances where gap jacks were used and in these 
‘cases an average of 575 psi of longitudinal prestress has been applied, con- 
siderably higher it will be noted than when cables were used. 

Transverse prestressing, as such, has not been universally employed. It was 
induced as a component of diagonal prestressing when those patterns were 
used and was the only stressing employed on those works where triangular 
shaped slabs were constructed. It does not appear to be necessary except 
where slab widths exceed about 12 ft. 


English practices 

Prestressed pavement slabs in England have, for the most part, been of 
the individual type—that is, using cables with expansion joints separating 
the slabs. The relative merits of the individual and the continuous types of 
slabs have been argued at length in England and proponents of the former 
appear to have advanced the more overweighing advantages. The principal 
one of these is the fact that the amount of prestress, except for the effects of 
subgrade friction, will remain nearly constant in pavements in which expan- 
sion is permitted by the joints. Sinee the contintious slabs, formed using 
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jacks, require abutments to resist end thrust, and the jack gaps are filled, the 
slabs cannot expand freely and so the stresses vary with moisture and tem- 
perature changes with the result that it is difficult to predict the amount of 
initial stressing necessary to produce the desired residual. 

English engineers have used slabs of 6 in. constant thickness extensively 
but the triangular slabs at the London Airport were 6% in. thick. The largest 
section of prestressed pavement constructed there had a 10 in. thick constant 
section and on one slab where gap jacks were used the thickness was 4 in. 

Longitudinal prestressing in England has conformed to the average figures 
mentioned above and transverse prestressing was limited to less than 50 psi 
except in the triangular slabs. 


Experience in France 


In France both individual and continuous type slabs have been constructed. 
In 1947 the 1365-ft section at Orly Aerodrome consisted of triangular slabs 
with transverse cables and abutments; on the 1953 project at the same site 
gap jacks were used along with transverse cables on continuous rectangular 
slabs. Other works! such as those at Luzancy and at Esbly involved the use 
of diagonal cables while the 984-ft section at Bourg-Servas was continuous 
with gap jacks and abutments. 


One experimental pavement was a slab with the edges thinner than the 
center but the rest were of a uniform section averaging about 6 in. thick. 
Longitudinal prestressing applied to slabs in France has been of the same 
order of magnitude as in other countries except on the Bourg-Servas Road 
where a total of 740 psi initial prestress was induced, this in a continuous slab 
with abutments and gap jacks. French engineers are not in agreement on 
the need for transverse prestressing. 


_ Germany and other countries 


Some of the early analytical work on prestressed slabs in Germany,*? 
antedates that undertaken in other countries but the application of their 
theories has been for the most part in connection with slabs supported as 
bridge floors, roofs, etc., and not with pavement slabs. German engineers have 
designed and constructed at least two experimental pavement sections and their 
design practices have been much the same as in other countries 3 

In Belgium, Algiers, and Australia prestressed pavements have been con- 
structed using essentially the same practices as have been employed in other ~ 
countries. In Australia, however, a 214 in. thick section has been constructed 
in the center of an already existing concrete runway. No details of the pre- 
stressing techniques on this overlay type pavement are presently available. 


United States 


As‘ implied previously only a few prestressed pavements have been con- 
structed in the United States. The largest project to date was the well known 
effort of the Bureau of Yards and Docks at the Patuxent River Naval Air 
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Station in 1953-54.!!_ This was a 500 ft long, 12 ft wide, and 7 in. thick slab 
prestressed with longitudinal cables to approximately 700 psi initially. The 
design techniques and details of this pavement may be found in Reference 11. 


In 1955 the U. 8. Army Corps of Engineers constructed an experimental 
pavement at their test area in Sharonville, Ohio. This was a 4 in. thick 
overlay type section with the initial compressive stress induced by the pre- 
tensioning of cables longitudinally and transversely to perimeter abutments. 


In 1956, as part of a cooperative research project between the U. $8. 
Bureau of Public Roads, the Missouri State Highway Commission, and the 
University of Missouri, 16 field slabs 25 in. wide and 222 in. long were built, 


“including 514 and 8-in. depths, dense and air-entrained concrete, and uni- 


formly distributed prestress of 0, 100, 300, and 500 psi. The prestress is main- 
tained constant by spring assemblies and the project is intended for continu- 
ing observations of creep and warping under field conditions for different pre- 
stress levels. As far as is known, nothing to date has been published on this 
experimental work. 


The only other significant field effort in the United States has been the 
Jones and Laughlin Steel Co. experimental highway pavement project in 
Pittsburgh undertaken during 1956 ‘and 1957. This was a 400 ft long, 12 ft 
wide, and 5 in. thick pavement prestressed longitudinally in such a manner 
as to produce approximately 450 psi at the slab ends. A complete description 
of this project was presented at the 37th annual meeting of the Highway Re- 


search Board.!” 


CHOICE OF METHODS OF PRESTRESSING 


There are two general methods of inducing the necessary initial compressive 
stress in the concrete of pavement slabs: post-tensioned steel cables; and 
jacks reacting against abutments of some description. Basically these are 
techniques used to accomplish the same result and the end products, as Harris 
points out,‘ should be referred to as “mobile” or “immobile” depending on the 
degree of freedom from subgrade restraint. There are, of course, advantages 
and disadvantages inherent in both systems and there are many factors in- 
volved when weighing one against the other. 


In slabs of the individual type, with expansion joints between slabs, the 
stress changes due to variations of weather and moisture will not be great 
unless the distance between joints is excessive. Analytical and experimental 
studies show that when expansion joint spacing exceeds about 400 ft the stress — 
changes become substantial and the pavement tends to become continuous. 
This length is an average figure and, as mentioned, is dictated by the restraint 
to slab movement occasioned by the physical characteristics of the subgrade. 


One factor important to consider in selecting a method or technique (in 
prototype pavement but not necessarily in experimental work) is the com- 


parative difficulty involved in making necessary repairs to the pavement and 
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to utilities which must cross under the prestressed areas. The pavement 
stressed by jacks may have the advantage on this point. 

The problems involved in prestressing pavement on vertical and_hori- 
zontal curves have been much discussed by investigators. It is apparent 
that attempts to prestress anything except short sections of curves by either 
method would be a difficult task. 

Probably the largest single factor discussed by investigators in advancing 
the relative merits of the two general methods of prestressing pavements, 
apart from the technical considerations, is engineering economics. The cost 
of abutments versus steel for cables, jacks versus joints, and other cost com- 
parisons have been issues which sometimes appear to govern the choice of 
methods or techniques. 


AGGREGATES AND CEMENTS 


Few of the publications describing prestressed pavement work do more than 
briefly mention the aggregates, cements, and resulting concretes used. It 
follows, however, from the comments of most authors that the necessity of 
using high quality concretes composed of sound, dense aggregates (with 
ordinary or high-early-strength cements) cannot be overemphasized. It is 
also apparent that water-cement ratios should be kept to a minimum to avoid 
the possibility of undue loss of prestress due to creep. Compressive strengths 
at 28 days ranging from 3000 to over 8000 psi have been reported, and moduli 
of rupture of 300 to over 750 psi have been used. 

In some instances high-alumina cement has been used but the only ad- 
vantage cited lies in the high rate of concrete placing possible. 

The records examined fail to indicate the use of accelerators or work- 
ability agents apart from some early investigative work in laboratories. 


METHODS OF REDUCING SUBGRADE FRICTION 


It is important to reduce friction between the pavement slab and the sub- 
grade to a minimum since the restraint to movement of the slab is the major 
contributing factor in prestress loss, and governs the length which can be used. 
Much work has been done and is underway on techniques of reducing restraint, 
and coefficients of friction as low as 0.5 have been obtained in laboratories. 
On practically every field venture, however, tests have been conducted to 


determine a coefficient and to define the method to be used for reducing 


friction on that particular job. These tests generally have taken the form of 
pull tests on small slabs resting on sand, paper, stone chips, etc., carefully 
placed. In almost all cases the coefficients thus determined have been ap- 
preciably lower than measured in the field slab. This is as expected because 
on the large jobs laboratory controlled conditions are usually not possible. 


Various techniques have been employed, with a sand layer or a sand layer 
covered with waterproof paper being the most_commonly tried. I[Efforts have 
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been made, however, to use bituminous materials for a sliding layer, but as 
yet these have not been too successful. A refinement of interest was an 
attempt to use a thin layer of one particle size sand, with spherical shaped 
grains acting much like ball bearings. An extensive investigation on possible 
friction reducing techniques is underway in England’s Road Research Lab- 
oratory and it is quite probable that similar studies are in progress in research 
establishments in this country. ; 


LOAD TESTS AND PERFORMANCE RECORDS 


The proof of success of any pavement is, of course, the manner in which it 
sustains the loads imposed and its long term performance. It is apparent 
from the published reports on prestressed pavement that in all cases the load 
carrying capacity of this type of pavement has greatly exceeded that of con- 
ventional pavement of similar thickness. The records of those pavements 
which have been in actual service for some time also indicate that perform- 
ance from the standpoint of maintenance and repairs needed compares favor- 
ably with conventional pavement. Load tests, as such, have been con- 
ducted for the most part on slabs in or simulating airfield pavements, with 
some notable exceptions such as the Jones and Laughlin highway slab. 


Extensive load tests were made on a test slab at the Orly Aerodrome in 
1946 and excellent load-deflection data have been published.’ Loads in 
excess of 140 tons were sustained with minor residual deflection on a sub- 
grade with k = 55 psi per in. This represents a load carrying capacity nearly 
ten times that which could be expected on this subgrade with a conventional 
pavement. Repetitive load tests were made on this pavement also and none of 
the loadings resulted in distress in the form of permanent cracks. 


Load tests were also made on the experimental section of the London Air- 
port and on the full scale work at Maison-Blanche with essentially the same 
comparisons with conventional pavement being possible. 


The U. S. Navy’s load tests on the 7-in. pavement at the Patuxent River 
Naval Air Station were sufficiently extensive to confirm what may be ex- 
pected of a prestressed slab as far as load carrying capacity is concerned. 
Plate sizes in these tests ranged from 2 to 20 in. in diameter and loads were 
imposed on the interior of the slab, at the edges, and at the locations of some 
shrinkage cracks which developed. 


As pointed out by Cholnoky™ no moment failures occurred under loads of 
200,000 lb and there were indications that loads up to 350,000 Ib could be sus- — 
tained without distress. It was concluded from these tests that the pre- 
stressed slab had a capacity well beyond what a conventional pavement 
‘would have on the same subgrade and that deflections normally considered 
excessive may be experienced without distress in the pavement structure. 


The details of the load tests conducted on the Jones and Laughlin experi- 


~ mental highway slabs are described in Reference 12; the results indicate that 
7 . 
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this 5 in. thick slab was apparently satisfactory for edge loadings up to 40,000 
lb. In other words, there was a tremendously increased load carrying capacity 
induced by prestressing. The description’? of this test section contains many 
details of the instrumentation, quantities measured, and testing procedures 
which would be of interest to anyone concerned with prestressed pavement. 

The 4 in. thick overlay type pavement of the Corps of Engineers was 
stressed to failure by using dual wheel loads up to 100,000 Ib, and the first 
sign of failure did not occur until after some 3000 passes of this load. 


UNIT COSTS 


While a number of analyses have been made comparing the cost of pre- 
stressed pavement with conventional pavement, it is not possible, at this 
time, to present significant figures. This is, of course, due to the fact that 
a large share of the work accomplished to date has been experimental and 
so the costs are naturally higher for prestressed pavement than might be ex- 
pected or hoped for. It is apparent, however, that costs will be reduced when 
certain techniques are perfected to the point where they are more or less 
commonplace, and when a sufficient number of contractors are experienced 
enough to create competition. Reports from abroad indicate that in some 
countries conventional and prestressed pavement differ little in cost of con- 
struction, and while it is too early to define maintenance costs over a long 
period, it is becoming apparent that the prestressed pavement may be more 
economical to maintain. This, however, cannot be definitely established 
until more service records are available. 


Studies, such as those made by Jones and Laughlin, which include recom- 
mendations for possible cost reductions are extremely valuable in effecting a 
competitive situation in this country between prestressed pavement and 
what is now considered conventional. 

The U. 8S. Navy’s Bureau of Yards and Docks has had engineering studies 
made in connection with some of their proposed work in which the feasibility 
of using prestressing has been seriously analyzed and considered. In some 
cases, the cost differential is slight and it is probable that some prestressed 
pavement will be used in their airfield construction in the near future. 


SUMMARY 


After reviewing articles originating in many parts of the world over a 15 
year period, there are several points which may be listed as indicative of the 
present status of prestressed concrete pavement: 

1. It is possible to augment sufficiently the strength of concrete in tension 
by inducing an initial compressive stress that a pavement slab so constructed 
will have a load bearing capacity many times that of a conventional concrete 
slab of the same thickness on the same subgrade. 


2. The two general methods or techniques by which the concrete may be so 
strengthened are, namely, through the use of post-tensioned cables or through 
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the use of hydraulic jacks reacting against abutments. A number of pavement 
slabs have been constructed with each technique. 


3. A number of arrangements of cables have been used, the most common 
being longitudinal and transverse, but diagonally placed cables have been 
used in a number of instances as have combinations of cables and jacks. 

4. Slabs of both rectangular and triangular shape have been constructed. 

5. Thicknesses appear to have been selected with the cable cover considered 
necessary as the determining factor. In most cases constant thickness sec- 
tions have been used. 

6. Slabs may be “mobile” or “immobile” depending on whether or not 
they may freely expand. In the former, the prestress remains more or less 
constant while in the latter, the prestress losses may be substantial because of 
changes in length due to temperature and moisture variations. In either type 
it is necessary only to induce sufficient initial compressive stress that regard- 
less of what happens there will be a residual prestress of 200-300 psi—this 
being an average figure varying with the loads the pavement will be expected 
to sustain. 

7. Restraint to movement of the slab is a function of the friction between 
subgrade and slab. Friction must be reduced to a minimum if undue losses 
are to be avoided, a coefficient of 0.5 being suggested as a maximum. This 
value has been approached using sand or sand and paper as the friction re- 
ducing layer. This restraint to movement is the major factor in limiting the 
length of prestressed slabs and more study on feasible methods of reducing 
friction is needed. 

8. High quality concretes composed of sound, dense aggregates with 
ordinary or high-early-strength cement should be used. Water-cement ratios 
should be kept to a minimum to reduce prestress loss due to creep. 

9. Prestressed pavement is not yet competitive from a cost standpoint 


with conventional pavement, but it is becoming so. The cost differential 


will be reduced as contractors gain experience and techniques are perfected. 


10. Few prestressed pavements have been constructed in this country 
but programs under which this type of construction have been undertaken 
have been exceptionally well conceived, carried out, and reported. There is 
little doubt that the experiences of those agencies which have had the pro- 
grams will stimulate and benefit other investigators in their search for answers 
to the remaining unsolved problems. 
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Title No. 55-54, noting that 
nonuniform quality and exces- 
sive laitance are disadvantages 
usually associated with tremie 
concrete, reports on laboratory 
tests and field applications 
which show that retardation and 
air entrainment will reduce lai- 
tance and improve the flow, the 
uniformity, and the pattern of 
heat development in tremie 
concrete. 


TREMIE 
CONCRETE 
Controlled With Admixtures 


By J. WAYMAN WILLIAMS, JR. 


'TREMIE CONCRETE IS A TERM used to designate concrete placed 
underwater by gravity feed through a vertical pipe. T remie concrete has been 
used largely for sealing cofferdams and caissons, for building subaqueous foun- 
dations, and for holding precast tunnel sections or other objects in place under 
water.! 

Tremie placement is not new. A British engineer, Walter R. Kinipple, con- 
ducted experiments with concrete under water as early as 1856.2. A French 
engineer, H. Heude, reported using a timber shaft 16 in. square to place con- 
crete underwater for a railroad bridge foundation in 1885.’ A forerunner of 
our modern tremie equipment was sketched in Engineering News in 1894. 
This 8-in. tremie pipe was 10 ft long with a 3-ft hopper at the top. The con- — 


tractor, W. H. Ward, reported successful use on jobs in Lowell, Boston, and 


Brooklyn. Large tremie projects from early years include the Detroit River 
Tunnel in 1906 and a Pearl Harbor drydock in 1909-1913.° 

Using the tremie method for reinforced structural concrete is a rather recent 
development. In 1940, the piers for the Potomac River Bridge were con- 
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J. Wayman Williams, Jr. (ACI 
member) is manager of technical 
service for Sika Chemical Corp., 
Passaic, N. J. He became inter- 
ested in tremie concrete while 
working as a field engineer with 


the Frederick Snare Corp. on the 
Chesapeake Bay Bridge in 1950- 
51. One of his first duties after 
joining Sika was to conduct a 
laboratory test program on tre- 


structed using permanent steel forms 
with reinforcing steel attached to the 
entire inside surface of the form. These 
forms were placed on prepared mats 
with steel bearing piles protruding 
into the section to receive concrete. 
Forms were filled with tremie con- 
crete, thus providing direct support 
to the structure above the water line. 
Other large jobs where reinforced con- 
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mie concrete. 


crete was placed by tremie include the 
huge graving dock built at the New 
York Naval Shipyard in 1943-1944,° the piers on the Chesapeake Bay Bridge 
in 1950-1951,? and the piers on the Richmond-San Rafael Bridge in 1953-54.* 


CONSTRUCTION PROCEDURE 


Good construction procedures are always essential to the success of a tremie 
job. At least two pieces of heavy equipment are required for tremie work. 
One rig must hold the tremie pipe while another brings concrete to the pipe. 

The tremie pipe is first sealed against water with a plug, foot valve, or burlap 
ball so that the concrete does not contact water until it has passed through the 
pipe to its final position under water. The foot of the tremie pipe is then kept 
continuously immersed in the fresh concrete. It is lifted only slightly, long 
enough for a batch to flow from the pipe. Then it is dropped back to its 
original position. 

When the pipe is lifted out of the concrete by accident or to move the pipe 
to a new position, the “‘tremie seal” has been lost and the original pipe plug- 
ging procedure must be repeated. 

Laitance usually collects in pockets at the low points on the surface of a 
tremie placement. It hardens more slowly than the mass of concrete and is 
often removed by the air-lift method before dewatering. Rapid uninterrupted 
placement usually results in the best uniformity and the least amount of 
laitance.®.9.10 


ADVANTAGES AND DISADVANTAGES OF TREMIE CONCRETE 


Use of tremie concrete for structural purposes has helped to focus much 
attention on this method of placement. Advantages of tremie placement 


include: 
_1. Rapid placement of huge volume at great depths 
2. Dewatering unnecessary 
3. Perfect curing conditions 
4. Reduction or elimination of voids and honeycomb 
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Many engineers view the tremie method with distrust and avoid using tremie 
concrete whenever possible. This distrust centers around the following dis- 
advantages: 


1. Inspection of results is difficult or impossible. 

2. Strength is questionable and quality is often nonuniform, particularly at extremi- 
ties of flow. 

3. High slumps from 6 to 9 in. are required for flow since vibration is not practical. 


4. Cement content is usually increased for “safety,” resulting in added cost and 
greater internal heat development. 


5. Laitance formation is usually excessive. 


TREMIE CONCRETE LABORATORY TEST PROGRAM 


Chemical admixtures have been used extensively to increase quality and 
uniformity of structural concrete for bouyant boxes, concrete ships, floating 
piers, prestressed beams, lift slabs, and numerous other structures where good 
concrete was essential to the success of the job. It therefore seemed logical 
that some of the disadvantages of tremie concrete could be reduced or over- 
come by the proper selection of admixtures. 


A laboratory test program was planned and carried out in 1954 with these 
objectives in mind for tremie concrete: 


1. Improved flow 
2. Increased uniformity 
3. Decreased laitance 


These objectives are interrelated since flow affects both uniformity and 
formation of laitance. 

In preliminary work an adipic acid base retarder, a calcium chloride base 
accelerator, and a neutralized Vinsol resin air-entraining agent were used 
separately and in various combinations. The accelerator was discarded from 
final tests because of a rapid pattern of heat development and poor gravity 
flow characteristics of the mix. The mix containing only the retarder was not 
tested further since gravity flow characteristics were markedly improved by 
using the retarder in combination with controlled air entrainment. 


Three mixes were subjected to comprehensive testing: (1) reference con- 
crete; (2) air-entrained concrete (4 percent air); and (3) retarded, air-entrained 
concrete. 


Test procedure 
Equipment. and materials were scaled down in size so that tests would be 


- economically feasible. The laboratory mixes contained 9 bags of cement per 


cu yd with 34-in. gravel aggregate. This high cement content was chosen to 
make the cement paste volume nearly equivalent to the 7-bag mix with 2-1n. 


. ; aggregate that is often used in tremie placement. It was felt that this mix 


- would magnify the patterns of laitance formation and heat development. 
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TEMPERATURE (F.) 


43 24 36 48 . 
HOURS AFTER PLACING 


Fig. 1—Rate of internal temperature rise on laboratory tremie specimens 10 in. wide | 


Reference Concrete 


Retarder plus 4% Entrained Air 


Drawn to scale from 
Kodachrome slides. 
Fig. 2—Tremie flow patterns are indicated by the colored pigments used in each 
batch. Numbers indicate sequence of batches. Tremie pipe was at the center 
throughout. Thick end sections are composed of laitance and concrete of poor quality 
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Plywood forms 8 ft long, 2 ft high, and 10 in. wide were sealed at the joints 
and filled with water. The 10-in. dimension was purposely selected to restrict 
the flow and provide a pattern that could be easily observed. 

A 3 ft long pipe, 4 in. in diameter with 20-in. funnel shaped head, was sealed 
at the bottom with a wood plug and placed at the center of the form. Con- 
crete was batched in a l-cu ft mixer. Each batch of 34 cu ft was colored with 
114 lb of red, white, or black inert pigment. An 8-in. slump was used. Seven 
batches were placed at 20-min intervals. A continuously recording thermom- 
eter was inserted to a depth of 6 in. after the tremie pipe was removed. Tem- 
perature pattern varied considerably (Fig. 1). 

Two days following the placement, remaining water was siphoned from the 
form so as not to disturb the soft laitance formation. Then forms were 
stripped and pattern of flow was observed (Fig. 2). 

At 7 days, a chunk of concrete was removed from one face of each specimen 
mear the center. Absorption and density of these samples were measured 
(Table 1). 

Laitance at the end sections hardened to the consistency of chalk, but 
contained no aggregate. Area and depth were measured and volume was 
computed. 

Compressive strength was estimated from Schmidt concrete test hammer 
rebound readings. At 7 days results were computed from 45 readings near 
the center of each specimen. At 90 days the hammer was used to take one 


TABLE I—SUMMARY OF LABORATORY TREMIE TESTS ON THREE MIXES 
Retarded and air- 


Reference mix Air-entrained mix entrained mix 
Cement 28 lb 28 |b 28 lb 
Sand 35 lb 35 |b 35 lb 
Gravel, 34 in. 49 lb 49 |b 49 lb 
Mix Pigment* 1.5 lb 1.5 lb — 1.5 lb. 
proportions: Air-entraining resin None 0.84 fluid oz persack| 0.5 fluid oz per sack 
Retarder (liquid) None None 4 fluid oz per sack 
Water added 5.2 gal. per sack 5.0 gal. per sack 4.8 gal. per sack 
Slump 814 in. 8 in. 8 in. 
Air content 1 percent 4 percent 4 percent 
(description) Slippery with easy Fatty and sticky; Smooth flow with 
Flow quality: flow, not cohesive tendency to hold good cohesion 
steep slope 
Air temperature 78 F 81 F 95 F 
Water temperature 76F 76F 78 EF 
Temperature Maximum internal tem- 
data: perature 102 F 108 F 86 F 
Time after placement 8 hr 8 hr 36 br 
Maximum rate of increase] 7 deg per hr (3 hr) 7 deg per hr (3 hr) 1.5 deg per hr (5 hr) 
Laitance: Total volume 78 cu in 53 cu in 14 cuin 
Absorption: 24 hr 7.4 percent 8.1 percent 5.8 percent 
Structural Dousity i t 147.0 lb per cu ft 143.5 lb per cu ft 147.2 lb per cu ft 
ies: C essive strength 3 E 
mores Pg eae 7 days 4050 psi 3900 pst 4700 psi 
90 days 6850 psi 6450 psi 7175 psi _ 
HT strength vere 
i ity: i ter to ends 
Boney ae ‘90 anys ae 33.5 percent 39.5 percent 8 percent 


*Pj ; iron oxide), white (titanium dioxide), and black (iron.oxide). t 
CE eee erction were Leanne on pieces broken from the bottom center of the hardened specimens. 


tCompressive strengths were predicted from Schmidt concrete hammer réadings. 
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reading from each square inch of surface. Care was taken to avoid hitting 
the spots where 7-day readings had been made. This series of more than 900 
readings on each specimen clearly indicated gradation in strength from the 
center to the ends (Fig. 3). 


TEST RESULTS 

Reference concrete 

This mix was smooth flowing; it had a ‘“‘slippery”’ quality but was not co- 
hesive. By the time the fifth batch was placed after 1 hr and 40 min, the 
early batches had begun to stiffen and the pipe had to be lifted until only 5 
in. remained in the plastic concrete before flow began. Colored pigments in- 
dicating flow pattern showed thin lines indicating that much cement paste 
had separated from the aggregate and had flowed down the slopes to the 
ends of the form. Internal heat developed rapidly and resulted in a maximum 
temperature of 102 F at 8 hr. 

Compressive strengths as indicated by the test hammer varied 33.5 percent 
from the center to the end of the specimen. Approximately 78 cu in. of 
laitance was formed. 


4% Entrained Air 


Retarder plus 4% Entrained Air Estimated Compressive Strength (100%): 7175 psi 


Fig. 3—Uniformity of compressive strength at 90 days was determined using the 

Schmidt concrete test hammer on each square inch of surface. The strongest area of 

1 sq ft was assigned the value 100 percent. Areas indicated xx contained only a 
few readings and were not included 
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Air-entrained concrete 

This mix was fatty and cohesive. After the third batch was placed the con- 
crete stood on a rather steep slope. The mix did not separate and show thin 
lines of color as with the reference specimen. Part of the mix “rolled” down 
the steep slope however, washing cement from the aggregate and resulting 
in laitance. 

Internal heat was generated rapidly, producing a maximum temperature 
of 108 F at.8 hr. Compressive strength as indicated by the test hammer 
varied 39.5 percent from the center to the end of the specimen. Approxi- 
mately 53 cu in. of laitance was formed. 


Retarded, air-entrained concrete 

This mix was smooth flowing and cohesive. The initial set was retarded 
approximately 50 percent and the final three batches flowed easily with more 
than 10 in. of the pipe immersed in plastic concrete. The batches spread out 
on a gradual slope without separation. Laitance formation was approxi- ~ 
mately 14 cu in. Internal heat developed after 24 hr and the temperature 
climbed slowly to a maximum of 86 F at 36 hr. Compressive strength as 
indicated by test hammer readings varied 8 percent from the center to the 
ends of the specimen. 


EVALUATION OF LABORATORY TESTS 


Although the mix with entrained air showed improvement in cohesiveness 
as compared to the reference mix, the wide variation of 39.5 percent in com- 
pressive strength as indicated by hammer readings showed that air entrain- 
ment alone did not offer much improvement. Furthermore, slight reductions 
in maximum strength and density were recorded. 

Retarded concrete containing 4 percent entrained air exhibited quite dif- 
ferent characteristics and seemed to provide the sought-after results. There 
was a marked improvement in both uniformity and laitance reduction. A 
strength variation of only 8 percent from the center to the ends indicated by 
hammer readings demonstrated the superior flow quality. The usual reduc- 
tions in mixing water were afforded by the retarder and by the air-entraining 
agent. An increase in maximum strength and a decrease in absorption were 
recorded, but were considered relatively unimportant to the success of a 
tremie project. 

The retarded set and smooth flow, made possible by these admixtures, 
held promise of definite advantages in field work. The gentle slopes and flow 
for long distances which were normally possible only with fast placement 
rates might now be accomplished with a normal rate of placement. Tremie 


- pipes could be spaced further apart, thus reducing both the handling and the 


number of pipes needed to do a job. 
Because of the usual difficulty of duplicating laboratory results in the field, 


it was felt that a full scale field application should be studied and evaluated 


as an extension of the test program. 
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Fig. 4—A complete set of 
soundings was made at 5 hr 
and 9 hr to determine the 
flow and slope of concrete 


FIELD EXPERIENCE WITH ADMIXTURES 


On Mar. 31, 1955, a cofferdam for the Walnut Street Bridge at Wilmington, 
Del., was sealed with concrete containing the tested retarder and entrained 
air. This cofferdam was 79 ft long and 45 ft wide, with a tremie seal 12 ft 
thick containing 1572 cu yd of concrete. 

Concrete was brought to the site in truck mixers and placed through two 
pipes. Soundings were made at 5 hr and at 9 hr (Fig. 4). A total of 1008 
cu yd was placed without repositioning the pipes. Flow was inhibited by 
closely spaced H-piles at the ends of the cofferdam resulting in slightly steeper 
slopes (Fig. 5). Pipes were subsequently moved to other positions for placing 
the remaining 564 cu yd (Fig. 6). 

The requirement for a 10 percent increase in cement was waived by mutual 
consent of the owner and consulting engineer. A standard mix was used con- 
taining 6 sacks of cement and 116-in. aggregate with 1 lb retarder and 1 oz 
air-entraining agent per bag of cement. Slump varied from 8 to 9 in. Seven- 
day control cylinder strengths averaged 2980 psi, and 28-day strengths aver- 
aged 4620 psi (Table 2). 

After 2 weeks the cofferdam was dewatered and the surface observed. 
Laitance deposits in low areas were slight with no deep pockets and a maxi- 
mum accumulation of only 2 in. 


79" ~0M 


. top of tremie seal 


Elevation 
ow 


1)BP73 piles 

Fig. 5—Section at longitudinal center line of cofferdam, Walnut Street Bridge. Flow 

pattern at 5 hr and 9 hr shows gentle slopes at the center and slightly steeper slopes 
at the end where piles are closely spaced ; 


. 


= 
cj 


CR Te NN 


Y 


avi ale hs Sal. a ei Ba hae) esta ea 


u 


TREMIE CONCRETE CONTROLLED WITH ADMIXTURES 847 
Cofferdam: 79 x 45 ft ae, 
Elapsed time, hr | Cu yd per hr) Cu yd, cumulative 
1 150 150 
2 121"’% 271% 
3 10442 376 
4 104% 480'4 
5 952 576 
6 120 696 
vA 114 810 
8 96 906 
9 102 1008 
10 72 1080 
11 96 1176 
Tremie Pipe Positions 12 114 1290 
13 108 1398 
Position 1 from start to 9 hr 14 60 1458 
0 15 54 1512 
Positi 
ee poms ron 16:50 min. 60 1572—Total 
Positions 3, 4, and 5 from 11 to 17 hr a 


Fig. 6—Rate of placement and pipe positions at Walnut Street Bridge 


The tremie surface was cored at six points to a depth of 14 in. to determine 
the condition of this upper stratum of concrete where quality is likely to be 
poor. Cores were 4 in. in diameter and were cut off to an 8-in. length for 
testing. Core strength of this surface layer averaged 2975 psi at 28 days. 


Internal temperature 

Internal temperature for mass concrete has been studied largely in the low 
cement content mixes used in dams. These temperatures will range from 100 
to 122 F depending on the thickness of the section.!!:!2. Temperature in high 
cement content tremie mixes will run 20 to 40 F higher and has been recorded 
at 150 F.? 

On the Connecticut Turnpike bridge across the Housatonic River at Bridge- 
port, the retarding agent and the air-entraining agent were used with 6.3 bags 


TABLE 2—COMPRESSIVE STRENGTH OF CONTROL CYLINDERS 
AT WALNUT STREET BRIDGE 


7-day compressive strength, psi |28-day compressive strength, psi 
Cylinders cast Slump, Air, Individual Average Individual Average 
3/31/55 at in. percent cylinders cylinders 
3381 4951 
7:00 a.m. 814 5.3 3381 3320 5164 4980 
3204 4810 
3091 5164 
10:20 a.m. 9 3.3 ; 3148 3160 5305 5160 
3236 5005 
pee 880 aes 4330 
2) -m. 8 5.0 2529 2 1 . 
ee 3042 i 4350 
, 3499 60 3082 4000 
4 .m. 5.4 2122 25 : 
Gan Pm 874 2811 ‘ 4089 
Job averages | 83 4,75 2980.” 4620 
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eat 


6.3 bags Type II cement/cu. yd. 
3 flLoz. retarder per bag 
1 fl.oz. air entraining resin per bag 


TEMPERATURE 


Fig. 7—Internal temperatures at north center of tremie seal on Connecticut Turnpike 
bridge at Bridgeport. This placement contained 2812 cu yd of concrete and was 
placed against sloping bedrock. Thickness averaged 27 ft 


of Type II cement in a tremie seal. A total of 2800 cu yd was placed in 2 
days. Internal temperature reached 110 F on the third day and rose to a 
maximum of 120 F on the fifth day. The temperature was steady until the 
tenth day and then slowly declined to 104 F after 1 month (Fig. 7). 


The retarding agent plus the air-entraining agent were accepted to provide 
the safety factor so that cement content was not increased to 7.15 bags as 
originally planned. Thus internal temperature was benefited by both a 
lower cement content and chemically retarded rate of heat development. 


Extra retardation 


During construction of concrete ice breakers for the Tappan Zee Bridge 
(on the Hudson River in New York), concrete was placed in 10-ft lifts at 
48-hr intervals because the sheet piling formwork was not designed for con- 
tinuous placement. Double the normal proportion of retarder was used in the 
top 2 ft of each lift. This assured slow hydration with no appreciable heat 
development for the 48-hr interval between lifts. Hence, each lift was placed 
on the previous one before internal heat was generated, providing better 
opportunity for chemical bond to develop between lifts. 


CONCLUSION 


Tremie concrete can be controlled to give more dependable results by use 
of admixtures. A retarder plus 4 percent entrained air provided best results 
in laboratory tests. Cohesiveness and gravity flow qualities were noticeably 
improved. This provided more uniform strength throughout the specimen. 
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Laitance was reduced. Initial set was retarded and internal heat developed 
at a slower rate. 

Reports and data from field projects using retarder with air-entraining agent 
tend to substantiate conclusions based on laboratory results. Improved 
gravity flow and cohesiveness resulted in a minimum of laitance. Gentle slopes 
were obtained even where steel bearing piles were closely spaced. Cylinder 
strengths for this high slump concrete averaged more than 4500 psi at 28 days. 
Core strengths at the top surface were also satisfactory. 


Where retardation and air entrainment were adopted instead of an arbitrary 
increase in cement content for tremie work, internal heat was generated at 
a lower rate and maximum temperature was lower than would otherwise have 
been observed. , 

Use of the admixtures investigated has been shown to produce a more 
uniform tremie concrete with lower heat generation and with less restriction 
on the rate of placing than if extra cement had been used to achieve somewhat 
equivalent quality. 
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LONGITUDINAL FORCES resulting from live 
load on a highway bridge deck and from bear- 
ing friction at supports of bridge girders pro- 
duce shear, bending, and torsion in the sup- 
porting pier. Messrs. Au and Fok analyze a 
type of pier often used in highway bridges, 
namely the portal frame fixed at supports, 
subject to such forces. 


Loading is assumed unsymmetrical with re- 
spect to the center line of the portal frame. 
Analysis by moment distribution is extended 
to include the effects of torsion. The advan- 
tages and limitations of the method of analy- 
sis are discussed, and the solution for frames 
with prismatic members is formulated, 


effects of longitudinal forces on 
portal frame supporting 
a highway bridge deck 


By TUNG AU and THOMAS D. Y. FOK 


In THE DESIGN of concrete piers supporting a highway bridge deck, 
AASHO specifications' require that the effect of a longitudinal force of 5 
percent of the live load in all lanes shall be considered as acting 4 ft above 
the floor, and that adequate provisions shall be made for the longitudinal 
force due to friction at expansion bearings. These forces act normal to the 
plane of the supporting pier and produce torsion as well as bending in its 
members. A general procedure for the analysis of laterally loaded plane struc- 
tures has been presented by Baron and Michalos.2. However, its applications 
to a variety of actual problems have been handicapped by mathematical com- 
plexities. The current practice of design of highway bridge piers seems to be 
overconservative for lack of a simple and yet precise solution for the effect 


851 
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of the longitudinal forces. This paper attempts to present a rational method 
of analysis which will satisfy such need. 

The analysis is for portal frames fixed at supports as shown in Fig. 1(a), 
but the method may be extended to other types of frames such as those shown 
in Fig. 1(b) and 1(c). The forces normal to the plane of the frame are, in 
general, unsymmetrical about the center line of the frame due to the location 
of the roadway on bridge deck and the spacing of the bridge girders. These 
forces do not act on the axis of the frame but can be transformed into forces 
acting there plus moments about the same axis. Hence, the basic problem 
can be conceived as the analysis of a portal frame acted on by an unsymmet- 
rical force normal to the plane of the frame and an unsymmetrical moment 
about the axis of the frame girder. The total effects of all longitudinal forces 
are then obtained by superposition. 


GENERAL CONSIDERATIONS 
Basic concept 

The general case of a portal frame fixed at supports involves six reactions 
at each support, making a total of twelve unknowns for the entire frame. If 
the direction of the bridge girder is skew, the longitudinal force is inclined 
rather than normal to the plane of the frame. However, such force can be 
resolved into two components, one normal and the other tangential to that 
plane, the tangential component being horizontal also. On the other hand, 
if the bridge girders are placed at a slope, the longitudinal force again can be 
resolved into two components, one normal and the other tangential to the 
plane of frame, the tangential component being vertical. These tangential 
components, both horizontal and vertical, can readily be treated by ordinary 
methods of analyzing plane structures and will not be dealt with in this paper. 
Hence, there will only be six reactions for the structure due to loads normal 
to the plane of the frame. 

For the sake of clarity of illustration, the portal frame is rotated 90 deg so 
that the axis of the frame lies in a horizontal xy-plane as shown in Fig. 2. 
Hence, the longitudinal force P acts at point E in the direction of the z-axis, 

_and the moment acts about axis BC which is parallel to the z-axis. Under 
the given loading condition, there are three unknown reactions at each of the 
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AXIS OF FRAME 
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eee PANSION JOINT: = 


(c) 
Fig. 1—Types of portal frames 


two supports A and D, i.e., the bending moments M,. and M,4, the torsional 
moments M,. and Mya, and the vertical reactions R., and R,z. Positive direc- 
tions of the reactions are indicated in Fig. 2. 

Since the given force P and the given moment MM are not symmetrical with 
respect to the center line of the frame, each of them can be treated as the 
combination of a symmetrical and an antisymmetrical case as represented by 
Fig. 3(a), 3(b), 3(c), and 3(d), respectively, the sign convention of the re- 


: Ria : Rad 


2—Loads and reactions on the frame. Frame rotated 90 deg so that its axis 


Fig. 
lies in the horizontal plane , 
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Ce) ac 


Fig. 3—Symmetrical and antisymmetrical cases of forces and moments 


actions being the same as Fig. 2. The solution of the problem will finally be 
obtained by superposition as follows: 


Men Mees Meas to ina Ba ee (1a) 
Mins Mii + ya Ee BN eee (1b) 
Ba? Beat Ae Rese HK Bint Rake te (Ie) 
May Moa Maze + Mate Mies. Oe. s 00. is de (1d) 
M jem Mya tin Meter de adty Ee (le) 
Rea © Bean + Roan Ar Reavy to Meats s+ <ccavn<ohes ode cck (if) 


Now, the problem can be analyzed by the familiar concept of distribution 
of bending and torsional moments in a simple and straightforward manner.*-4 
For the case of symmetrical moments as in Fig. 3(c), the static conditions 
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alone are sufficient for its solution; and for the case of symmetrical forces as 


_in Fig. 3(a), only one distribution of moments in each plane is required. For 


the antisymmetrical loading, Fig. 3(b) and (d), the joints of the frame can 
be considered at first as being held in position by vertical holding forces, and 
the moments distributed accordingly. When these holding forces are released, 
corrections are made for the bending and torsional moments developed by the 
resulting displacements. 

The method of least work has been deliberately avoided in approaching 
the problem, but has been used for checking the results obtained for frames 
with prismatic members. 


Conditions of static equilibrium 


Three static equations can be written for each of the symmetrical and anti- 
symmetrical configurations in Fig. 38. Then, from the conditions of static 
equilibrium, one obtains: 


Tez = Red = P/2 | 
Maat = Mea = — Ph/2 As Sense, SRR hve yor: (2) 
Myar = Mya 


Rae = SS Rza2 
M rar Sy Mra (3) 


P 
Mya2 — 9 (ce — b) = Mya 


isas — Rzas = 0 } 
Cie OY fe ee a ae er he 2 (4) 
Myas — as 0 


Reas = Raa 
ee ee) ae a ORR ec Ry cg eae a (5) 
M yas ah = yd4 


Hence, Case (c) is statically determinate, Case (a) is statically indeterminate 
to one degree, and both Cases (b) and (d) are statically indeterminate to three 
degrees. 

One can take advantage of the symmetrical and antisymmetrical configura- 
tions and solve the unknowns in only one-half of the frame. The other un- 


knowns will then be obtained by Eq. (2) to (5). 


Method of moment distribution 
When the method of moment distribution is extended to include the effects 
of torsion, the fixed-end moments, stiffnesses, and carry-over factors in torsion 
as well as in bending must be found. In bending, these constants are well 
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known for prismatic members and can be obtained by column analogy for 
haunched members.’ In torsion, however, these terms need be examined more 
closely. 

The fixed-end moments of a member in torsion can be obtained from the 
consideration of the continuity condition, i.e., same angle of twist for seg- 
ments on either side of the applied twisting moment. If more than one 
moment is applied to the member, the total effects may be added by super- 
position. The stiffness in torsion may be defined as the twisting moment 
required to produce a unit angle of twist between the two ends of a member. 
From statics, the carry-over factor in torsion is evidently unity in the opposite 
direction. For prismatic members of solid cross sections, such as circles, ellipses, 
and rectangles, the fixed-end moments are inversely proportional to the 
lengths of the segments on each side of the applied twisting moment. With 
the exception of circular members, the sections of a member are warped dur- 
ing twisting. The torsional stiffness equals to GJ’/h where h is the length of 
the member, G is the modulus of rigidity, and GJ’ is known as torsional 
rigidity. For a circular section, J’ = J, which is the polar moment of inertia 
of the section; for an elliptical section, St. Venant’s formula® gives J’ = A‘*/ 
4n*J where A is the area of the section. For rectangular section, J’ can be 
computed approximately by the formula for an ellipse, or more exactly by 


membrane analogy which leads to a solution by infinite series (Reference 5, 


p. 278). For cases in which one or more cross sections of a member are caused 
to remain plane, the warping constraint can be taken into account by means 
of a correction factor, but its effect is negligible for elliptical or rectangular 
members if the cross-sectional dimensions are small in comparison with the 
length of the member (Reference 5, p. 302). For members of variable cross 
sections, neither the angle of twist nor the torsional stiffness can easily be 
obtained. This restricts somewhat the application of the proposed method to 
nonprismatic members. 


Due to the nature of this problem, only one distribution of moments in each 
plane is necessary in all operations. For Case (a), the static conditions are 
also satisfied after one distribution. In each of the antisymmetrical cases 
[Fig. 3 (b) and (d)], however, one distribution results in an unbalanced lateral 
force which must be eliminated by “lateral-sway” correction. The final reac- 
tions are obtained by superposition, 


Notation 
All symbols used are defined here unless otherwise noted. 
A = area of the section of a member D’ — = torsional distribution factor (Double 
= : subscripts may be added as above.) 
b,c nde segments in Member BC = modulus of elasticity 


D® = bending distribution factor (Double = length of Members AB and CD 
subscripts may be added such as = moment of inertia (Subscript A re- 


D*,, which means distribution from fers to Member AB and L refers to 
B to A of Member AB.) Member BC.) 


E 
G = modulus of rigidity 
h 
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df = polar moment of inertia of the sec- M, = moment about y-axis (Same term 
tion with a second subscript such as M,p 


means this moment at B.) 


J =a quantity related to torsional 
fama ; b MF; — fi a Axi I 
rigidity, with units of length to the : a pene ee! Pate - EC ee 
fourth power (Subscript A refers to M?,,. = fixed-end moment about y-axis (in 
Member AB and L refers to Member bending) at End B of Mee BC 
BGs ; 
) M = given moment about Member BC of 
K = bending stiffness (Double subscripts the frame 


IP = given force applied on Member BC 


may be added such as Kya which 
and normal to the plane of the frame 


means stiffness at B for Member 


BA.) Q = EI,/GJ"s 
! : J Q! = aon, 
K’ = torsional stiffness (Double subscripts p_ = wath z-direction. (Same term 
may be added as above.) with a second subscript such as Rza 
L = length of Member BC means this reaction at re) 
Pe S Sige sib 
Marie axedsend INOMIGESS Ab ss for Mem- T, U = constants defined by Eq. (7a) and 
bers BC and BA respectively, for a (7b) for lateral-sway correction 
ee shite assumed for lateral- V = unbalanced vertical force in lateral- 
Bea ae sway correction (Double subscripts 
M, = moment about z-axis (Same term may be added such as Vs. which 
with a second subscript such as Mza means force at End B of Member 
means this moment at A.) BCs) 


FRAMES WITH PRISMATIC MEMBERS 


_ Constants for moment distribution 


For the prismatic members of a portal frame, the fixed-end moments, 
stiffnesses, and carry-over factors for various loading conditions are formu- 
lated in standard textbooks on statically indeterminate structures.*** It is 
sufficient to point out here only the modification made to simplify the moment 
distributions in this problem. 


With reference to Fig. 4, Ends B and C of Member BC are locked tempor- 
-arily in determining the fixed-end moments. For the symmetrical Case (a), 
the fixed-end moments of Member BC are obtained in the usual manner, 
but the stiffness K of the same member is determined by applying equal 
moments at Ends B and C to cause unit rotation at both ends. Thus, K = 
2EI,/L and there will be no carry-over of fixed-end moment from either end 
to the other. For the antisymmetrical Cases (b) and (d), the center F of 
- Member BC has no displacement. Hence, only the BF-half of Member BC 
~ need be considered if Point F is assumed to be a fictitious support, hinged for — 
bending as in Case (b) and fixed for torsion as in Case (d). These prescribed 
- support conditions of F result in fixed-end moments in BC identical to those 
obtained by the ordinary method, and the bending and torsional stiffnesses 
of member BF are computed accordingly. 


The distribution factors are obtained from the proper combinations of 
eeting at Joint B. In all cases shown in Fig. 4, a bend- 


858 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE February 1959 


Case Member AB 


Fig. 4—Free body diagrams of AB and BC 


ing moment in one member is transmitted to another member as a torsional 
moment and vice versa. The distribution factor, therefore, involves the bend- 
ing stiffness of one member and the torsional stiffness of another member. 

All these constants pertaining to the problem—fixed-end moments, stiff- 
nesses, distribution factors, and carry-over factors—are listed in Table 1. 


Distribution of moments 


Moment distributions for Cases (a), (b), and (d) are carried out in Fig. 5. 
Only one distribution in each plane is necessary for all cases. 


In examining the vertical forces, however, only Case (a) satisfies the static 


conditions since Vier = P/2 which checks with R.as = P/2 if the free body 
diagram of Member AB is considered. Thus, 
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AME cal 2 (L ait 2hQ) OL CRE Le aL Cece Denar ss (6) 


In Case (b), Voc2 is an unbalanced vertical force at Joint B resulting from the 
moment at B and the applied force P/2 at H. Thus, 


P (c — b) (L? + 6ALQ + 2bc) 
2L? (L + 6hQ) 


Voce S 


Similarly, in Case (d), Visas is an unbalanced vertical force at B resulting from 
the moments at A and B of Member AB. 


3M (¢ — b) Q’ 


Vics = 
2h (h + 2LQ') 


TABLE I—CONSTANTS FOR MOMENT DISTRIBUTION 


Constant Case (a) Cases (b) and (d) 
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Pondne a RC pee Se ee Om pe, = Ke =, __ 6hQ 
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< wes CS 
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Torsion in BC b Keak Rie he LO" 
f “f Far end fixed Carry-over factor gre 1 for all cases 
2, | Bending i= ag tee ee eel 
28 Far end hinged Carry-over factor = 0. for all cases 
oO - (Se ee 5 
é& | Torsion (Far end fixed) | Carry-over factor = — 1 for all cases 
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Fig. 5—Moment distribution for Cases (a), (b), and (d) 
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FE. -tn’ 
£Q'm (Zz) _ 2LQ'm' 
PCO Ey eee 
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ee Ph 
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Sum 


Fig. 6—Moments due to lateral sway 


As an analogy to the sidesway correction of plane structure, these unbalanced 
vertical forces can be considered as holding forces in preventing the lateral 
displacement of Joint B. Since the vertical holding forces at Joint B must be 
released and Joint B deflects vertically, the moment obtained previously from 
one distribution must be corrected for the lateral sway of the frame. 


“Lateral-sway”’ correction 

Fig. 6 shows the distribution of moments due to a deflection A at Joint B. 
The fixed-end moments at B in Members BC and BA are, respectively, as 
follows: 
3HIz, A - 12#HI, A 
Ce) nS 
6ET;, A 

h2 


i. MF woe = 


m = MF ya = 


Since m = (21 ,h2/I,L*)m’ = 2Sm’, m may be determined if m’ is arbitrarily 


“assumed. The vertical forces resulting from m and m’ are also arbitrary 


but can be expressed in terms of m and m’. Thus, from Member BG, 
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and from Member BA, 


* _ (2h + LQ’) m’ 
Veen Ves =F hp alg) 
The total effects at Joint B become: 
2 2h + LQ’ 
Ve = Vie + Via = E + 6hQ + 25h (h + 2L0’) ko Sos m 


To determine the true moments and vertical reactions due to lateral-sway 
when the holding forces Vico and Vias are released, the set of moments and 
vertical reactions in Fig. 6 should be multiplied by the following proportional 
factors respectively: 


A = om’ = SPiain gs iy pie 83.5 ene (7a) 
Voces UM SUM 
v, = a = aban sera etna dia nails SW (7b) 
where 
pax tbh + 210’) (c — b) (L* + GALQ + 2be) a 
L* [4Nh (hk + 2LQ’) + (2h + LQ’) (L + 6hQ)] 
a 3 (ce — b) (L + 6hQ) Q’ 


4ANh (h + 2LQ"’) + (2h + LQ’) (L+ 6hQ) 


_ Consequently, the corrected moments and vertical reactions for Cases (b) 
and (d) pertinent to the problem are as follows: 


Rs Te eee ee 


Mia = — er RO Re Me ANY e (8a) 

! ii BE hala ow 
aa ee eee ey 

vnc MOENO MOL) oe 

Mia's 5 Sa ele aA ok ea 


‘i 


g 
“g 
# 
j 
- 
4 
3 

. 
Za 
~ 
¢ 
4 
-. 
g 
f 
. 
3 
4 
L 
¥ 
a 


LONGITUDINAL FORCES ON PORTAL FRAME 863 


Final solution 


The general solution of the problem can finally be obtained by substituting 
the moments and vertical reactions of Eq. (6), (8), and (9) into Eq. (2) to (5), 
which are in turn substituted into Eq. (la) to (If). The results are expressed 
in terms of the given load P and the given moment M as follows: 


? (h+1Q)T)]P (h + 1Q)U —(e - 0) Q"|M 
Wika, = =) 10 = Ss 
| +e + 210") | 2 E tage tA)) | heed 
be 212 ST — be (ec — b) | P LSU 
My. = — = ge pasear see 
ie + 2hQ) L (L + 6hQ) | 2 a i + a caer aes 


(Qh + LQ’)T|P . [ (2h + LQ’)U — 3(c — b) Q’ 
lige = 
E h(h + =| 9 | oh (h + 2LQ") | M.. .(10c) 


h LOY E | P. , = pb, ’ 
ie ee e (h + LQ) U = (6-0) 8M gay 
PZ Oba (h + 2LQ') 2 
be 2L? ST — be (ce — b) P LSU 
Bion =? = ao ar te 
1 ee + 2hQ) L (© + 6hQ) + {¢ »| 9 i= el M. a) 


eh RE LON PE - (2h + LQ’) U — 3(c — b) Q' 
Ra =| es | 2h (h + 2LQ’) [ar --cop 


While Eq. (10a) to (10f) may seem long and cumbersome, the results of a 
given problem can be obtained by straightforward substitution of numerical 
values into the equations. This is not much of an effort when one considers 
the other more elaborate alternatives, such as carrying out the moment dis- 
tribution directly each time, or obtaining the solution by Castigliano’s theo- 
rem. With the aid of digital computer, the general equations seem to be 


even more attractive. 


NUMERICAL EXAMPLE 


A brief numerical example with dimensions shown in Fig. 7 is given here. 

Find the effects of the longitudinal force due to the live load acting on the I-beam stringer 
indicated in Fig. 7. Assume that the total live load reaction of the stringer on the frame is 
100 kips, 5 percent of which is 5 kips acting 4 ft above the bridge floor. Assume a depth 
of 4 ft to take into account the slab thickness, the stringer depth, and the height of bearing. 
The longitudinal force of 5 kips is then acting 4 + 4 + 2 = 10 ft above the center line of 

_the pier girder, causing a moment of 5 X 10 = 50 ft-kips. For concrete, E/G is taken to be 


230, hen 


Teale 6 3.X 3h = 605 fH 1, = Yn X 3X 49 = 16.0 ft 


Fre K6.75 = 13.5 fit = Tn = Me (3 X 43 + # X 38) = 25.0 ft 
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ELEVATION SECTION A-A 
; Fig. 7—Portal frame dimensions and loading for numerical example 
A)! 94 A‘, (12)4 
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L* [48h (h + 2LQ") + (2h + LQ’) (L + 6AQ)) 


3 (c — b) (L + 6hQ) Q’ 
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By substituting these values into Eq. (10a) to (10f), the final reactions at the supports are 
obtained as follows: M,, = — 94.5 [t-kips, Mya = + 4.7 ft-kips, Re. = + 3.07 kips, M,4 = 
— 75.6 ft-kips, Mya = — 28.5 ft-kips, and R.y = + 1.93 kips. 

It can be seen that these moments and forces are by no means small and should not be 
ignored. One may, of course, question whether the specified longitudinal forces do actually 
exist or not, but certainly will not doubt their effects on the analysis once the provisions 
in the standard specifications are accepted. If more slender members are introduced in the 
frame, either for esthetic or economical reasons, the effects become even more significant. 


‘ mu 
\ 


Li 


U 


= SS? Ow Ue 


2 a 


x 


ey ee ee, ae 


ee NS PD a Ae PN 


‘ 


LONGITUDINAL FORCES ON PORTAL FRAME 865 


CONCLUSION 


Although only the general solution of frames with prismatic members has 
been presented here, the method may be extended to members with variable 
cross sections provided that the angle of twist and the torsional stiffness of 
such members can be determined. The classical solutions of such quantities 
have been developed for solids of revolution having variable diameters, such 
as cone, ellipsoid, paraboloid, and hyperboloid (Reference 5, p. 302). For the 
types of variable sections prevalent for highway bridge piers, such as straight or 


- parabolic haunches, no such solutions are available. To extend the method 


to frames with nonprismatic members, one must rely, therefore, on further 
assumptions and approximations. The other alternative is to determine the 
torsional properties of the members of variable cross sections by test of models. 


In spite of these limitations, the method presented will be applicable to a 
large number of piers designed for highway bridges. It is hoped that more 
rational analysis will lead to designs of greater economy and safety. 


ACKNOWLEDGMENT 


Acknowledgment is made to Charles H. Clarahan, Jr., chief designer, Howard, Needles, 
Tammen and Bergendoff, Consulting Engineers, New York, for suggesting the problem on 
which this paper is based. 


REFERENCES 


1. “Standard Specifications for Highway Bridges,” American Association of State High- 
way Officials, 7th Edition, 1957, p. 17, Article 1.2.13. 

2. Baron, F., and Michalos, J. P., “Laterally Loaded Plane Structures and Structures 
Curved in Space,’”’ Transactions, ASCE, V. 117, 1952, pp. 279-316. 

3. Cross, H., and Morgan, N. D., Continuous Frames of Reinforced Concrete, John Wiley 
& Sons, Inc., New York, 1932, pp. 81-117. 
. 4, Peabody, D., The Design of Reinforced Concrete Structures, John Wiley & Sons, Inc., 
New York, 1946, pp. 414-420. 

5. Timoshenko, 8., and Goodier, J. N., Theory of Elasticity, McGraw-Hill Book Co., Inc., 
New York, 2nd Edition, 1951, p. 263. 


ived by the Institute Apr. 17, 1958. Title No. 55-55 is a part of copyrighted Journal of the American 
ees few, V. 30, No. 8, Feb. 1959 (Proceedings V. 55). Separate prints are available at 50 cents. 


American Concrete Institute, P. O. Box 4754, Redford Station, Detroit 19, Mich. 


Discussion of this paper should reach ACI headquarters in triplicate by 
May 1, 1959, for publication in the Part 2, September 1959 JourRNAL. 


s . £e ©. VAk Ue Se 


— 


Title No. 55-56 


AGGREGATES FROM ALABAMA, ILLINOIS, AND KANSAS were studied 
in concretes made with cements having 0.23 to 1.4 percent alkali 
and 2.1 to 4.9 percent MgO. Studies extended over a period of 
105 months. It is concluded that some of the expansion and 
cracking of concrete made with some sand-gravel aggregates from 
Kansas may be caused by a combination of alkali-aggregate 
reaction plus the hydration of periclase. The alkali-aggregate re- 
action is believed responsible for starting a mechanism which 
permits the periclase to cause excessive expansion. The periclase 
content of the cement does not appear to influence cracking 
obtained with the Alabama aggregate. 


Expansion and Cracking 


studied in relation to 
ageregate and the magnesia 


and alkali content of cement 


By W. C. HANSEN 


@ THis INVESTIGATION WAS UNDERTAKEN in an effort to explain the ex- 
pansion and cracking that occurs in concrete made with certain aggregates 
which has not appeared to be explained satisfactorily on the basis of the so- 
called alkali-aggregate reaction. The investigation was designed to study the 
influence of the magnesia and alkali contents of cements on the expansion 
and cracking of concretes made with two aggregates!? which have poor service 
records in some structures, and of concrete made with one aggregate which 
has a good service record. 


MATERIALS 
Aggregates 


The three aggregates were as follows: 
1. Sand and gravel from a pit near Montgomery, Ala. (poor service record) 
2. Sand-gravel from the Republican River near St. Francis, Kan. (poor service 


record) 
3. Sand and gravel from Elgin, Ill. (good service record) 


In certain states, such as Kansas, the deposits of sand and gravel contain 


little material retained-on the No. 4 sieve. These are referred to as sand- 
gravel aggregates in contrast to the normal sand and gravel aggregates found 
in most states. 
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Cements 

All cements were made in one plant. Raw materials were selected to give 
a cement with about 0.25 percent alkali by weight, expressed as Na2O. (In 
this paper, the term alkali content always means percent Na.,O plus 0.658 per- 
cent KO.) By selecting limestone from various locations in the quarry, it 
was possible to vary the MgO content of the cement in the range of 2.0 to 5.0 
percent. Three basic kiln feeds were used, each having an alkali content 
which would give about 0.25 percent NazO in the cement. The MgO con- 
tents of the kiln feeds were varied so as to give about 2.0, 3.5 or 5.0 percent 
MgO in the finished cement. Soda ash was added to these basic mixes to give 
cements with about 0.25, 0.70 and 1.1 percent alkali. 

This gave a set of three cements with about 0.25 percent alkali and MgO 
contents of about 2.0, 3.5 and 4.5 percent; another set of three cements had 
alkali content of about 0.7 percent and MgO contents of about 2.0, 3.5, and 
4.5 percent; a third set of three cements had about 1.1 percent alkali and MgO 
contents of about 2.0, 3.5 and 4.5 percent. A fourth set of three cements was 
made with a MgO content of about 4.5 percent and alkali contents of about 
0.25, 0.70, and 1.1 percent in which the Fe2O;, which was about 2.5 percent 
in the other cements, was raised to about 3.5 percent. 

Since the object of the study was to limit the variables in the cements as 
far as possible to the MgO and Na:O content, an effort was made to hold 
the other components as constant as possible. The MgO and alkali contents 
of these cements are shown in Table 1. It was necessary, of course, to adjust 
the other oxides as the MgO and NasO contents were increased. Variation 
in the principal oxides for the three MgO levels is shown in Table 2. 

The plant in which these cements were made was not equipped for quenching 
the clinker. However, it was possible to blow air on it as it flowed through 
a pipe from the kiln to storage. In this study, one portion of each clinker 
was discharged from the kiln without being subjected to a blast of air and 
another portion was subjected to a blast of air. It was hoped that the latter 
would increase the glass phase and lower the periclase content of the clinker. 
It was impossible from an examination with a petrographic microscope to de- 
tect any significant difference between the slowly cooled and rapidly cooled 
clinker. However, each type of clinker was ground into cement and used in 
making the specimens described below. The U following the cement number 
represents slowly cooled or unquenched and Q represents rapidly cooled clinker. 
All cements were ground in a cold mill to specific surfaces of 1850 + 40 sq 
em per g and all met the ASTM specifications for Type I cement. 


FIELD TEST PROGRAM 
Test specimens 
Hach cement was used to make a 36 x 36 x 6-in. slab and four 3 x 3 x 1114- 
in. prisms with each of the three aggregates. The slab was made in the field 
with its top surface level with the surface of the soil. The four prisms were 
made from the same batch of concrete as that used for the slab and were cured 


ea 


ee a ee NN 


EXPANSION AND CRACKING 869 


W. C. HANSEN, director research laboratories, Universal 
Atlas Cement Division, United States Steel Corp., received his 
Ph.D. in physical chemistry from Columbia University. He 
conducted research on the constitution of portland cement at 
the National Bureau of Standards, Washington, D. C., and on 
portland cement concrete while employed by the Portland 
Cement Association, Chicago, and has had papers published 
in these fields. He has been associated with the Universal 
Atlas Cement Division since 1945; his membership in ACI 
also dates from that year. 


1 day under wet burlap in the mold. They were then removed from the molds 
and placed in the laboratory fog room for 2 days. Initial length measure- 
ments were then made and two prisms of a set were buried horizontally in 
the soil in the field with the top surface as cast flush with the level of the 
soil. The other two prisms of the set were buried vertically in the soil to 
about half their length. The results for the latter prisms are not reported 
here because they were similar to those of the specimens which were stored 
horizontally. 


Concrete mixes 

The Alabama and Illinois aggregates were used to make specimens of nor- 
mal sand and gravel air-entrained concretes with a cement content of about 
6.0 sacks per cu yd, water-cement ratios between about 4.8 and 5.2 gal. per 
sack of cement, and air contents between about 3.5 and 5.0 percent. The 
air was entrained by adding neutralized Vinsol resin at the mixer. 

In the set of specimens made with the Kansas sand-gravel aggregate, the 
coneretes had cement contents between 6.5 and 6.9 sacks per cu yd, water- 
cement ratios between 4.4 and 4.9 gal. per sack of cement, and air contents 
between 7.2 and 9.7 percent. 

A set of specimens was made with Illinois aggregate graded to the grada- 
tion of the Kansas sand-gravel aggregate. The concretes had cement con- 
tents between 6.5 and 6.7 sacks per cu yd, water-cement ratios between 4.9 
and 5.3 gal. per sack of cement, and air contents between 7.8 and 10.5 percent. 


Examination and measurement 

The surfaces of the slabs are examined and rated each year in April and 
October for extent of crazing and cracking. The prisms are taken to the 
laboratory at these times and stored in the fog room for several days to permit 
them to become fairly well saturated with water and to attain a uniform — 
temperature. They are then measured for changes in length and weight. 
Expansion of the prisms stored horizontally for the coneretes made with 


- Tllinois sand-gravel, Kansas sand-gravel, and Alabama sand and gravel aggre- 


gates is given in Table 1 for several periods up to 105 months. The expan- 
sions obtained with the specimens of the Illinois sand and gravel concrete were 


nearly the same as those reported in Table 1 for the Ilinois and Alabama 


aggregates. 
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TABLE 2—VARIATION IN PRINCIPAL OXIDES FOR DIFFERENT MAGNESIA 
CONTENTS OF CEMENT 


Oxide 2.0 percent MgO 3.5 percent MgO 4.5 percent MgO 4.5 percent MgO 
$i02, percent 21.2 to 20.9 22.5 to 21.3 22.1 to 21.2 21.2 to 20.3 
Al.O3, percent 5.8to 5.3 4.8to 4.5 5.2to 4.5 5.0to 4.8 
Fe203, percent 2.4t0 2.2 2.5to 2.4 OMY 257) 3.6 %0 3.1 
CaO, percent 65.4 to 63.3 63.0 to 61.9 63.2 to 60.7 63.0 to 60.7 


Test series expanded 


The slabs made with the Kansas aggregate and cements with alkali con- 
tents above 0.7 percent crazed and cracked (see Table 4) fairly extensively 
within the first 2 years. None of the cements used in this study had alkali 
contents between 0.39 and 0.71 percent and none of the slabs made with the 
cements having 0.39 percent or less alkali were crazed at the end of 2 years. 
Hence, it was decided to expand the project and explore the range between 
0.4 and 0.7 percent alkali. The expansion of the prisms stored horizontally 
seemed to be a good criterion of the behaviors of the concretes. Accordingly, 
blends were made of the cements to give alkali contents of about 0.3, 0.4, 0.5, 
0.6 and 0.8 percent for each of the MgO contents. Two 3 x 3 x 114-in. 
prisms were made from each of these cements and each of the Illinois and 
Kansas sand-gravel aggregates. These prisms were stored horizontally in 
the field. The MgO and NazO contents of these cements and expansion of 
the prisms up to 72 months are given in Table 3. 


DISCUSSION OF RESULTS 


Cracking of the slabs generally started by the surfaces showing a fine map 
cracking which has been called crazing. This was followed by the fine crazing 
checks developing into distinct cracks at the edges of the slab and then by 
an enlargement of the cracks and an extension over the entire surface.* Table 
4 gives the ratings up to 105 months for the surfaces of the slabs made with 
Alabama sand and gravel concrete and the Kansas sand-gravel concrete. 
None of the slabs made with the Illinois aggregates showed any crazing or 


cracking. 


Kansas aggregate 

With the exceptions of Cements 5Q, 5U, and 110, all of the slabs made 
with cements containing more than 0.7 percent alkali were cracked at 42 
months. ‘Those made with Cements 5Q, 5U, and 11U were cracked at 78 
months. The eight slabs made with the low alkali cements (0.23 to 0.39 per- . 
cent) showed no cracking for 54 months. At 105 months, four of them showed 
no cracking and four showed cracking along the edges. The last four are those 


~ made from the cements having between 4.2 and 4.9 percent MgO. 


ons at several periods of the prisms made with Illinois sand- 


The expansi 
and Alabama sand and gravel 


gravel concrete, Kansas sand-gravel concrete, 
yy 


_ *The cracking of these slabs resembled that-shown in Fig. 1 of Reference 2. 


872 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE February 1959 


TABLE 3—EXPANSION of 3 x 3 x 11%-IN. PRISMS STORED HORIZONTALLY 


ard 3 ; 
Expansion, percent, for concrete made | Expansion, percent, for concrete made 
Cement with Illinois sand-gravel aggregate, | with Kansas sand-gravel aggregate, 


stored indicated number of months stored indicated number of months 
MgO, NaO, 
No. percent percent) 12 24 48 60 72 12 24 48 60 72 
1Q 2.1 0.23 0.049 0.060 0.106 0.142 0.175 | 0.049 0.066 0.115 0.158 0.193 
3 4.9 0.24 0.056 0.063 0.107 0.152 0.192 | 0.063 0.084 0.173 0.281 0.358 
2U 3.5 0.28 0.039 0.050 0.095 0.138 0.172 0.066 0.089 0.136 0.184 0.225 
5Q + 3 (2U) 3.7 0.41 0.050 0.063 0.111 0.157 0.186 | 0.061 0.094 0.259 0.375 0.461 
4Q + 2 (1Q) 2.2 0,42 0.046 0.057 0.106 0.145 0.175 0.053 0.076 0.136 0.194 0.248 
6Q + 10Q + 2Q 4.1 0.44 0.056 0.067 0.114 0.153 0.187 0.066 0.097 0.216 0.286 0.340 
4Q + 1Q 2.2 0.51 0.040 0.051 0.095 0.138 0.167 | 0.058 0.075 0.140 0.213 0.289 
4Q + 2U 2.9 0.54 0.045 0.055 0.102 0.143 0.173 | 0.069 0.095 0.209 0.331 0.440 ; 
5Q + 2U 3.6 0.54 0.046 0.061 0.109 0.148 0.182 0.073 0.119 0.338 0.462 0.545 ; 
10Q + 2 (11Q) 4.7 0.59 0.047 0.062 0.108 0.153 0.181 | 0.070 0.106 0.255 0.350 0.425 
ss] + 2 (4Q) 2.3 0.60 0.042 0.055 0.101 0.142 0.172 | 0.057 0.073 0.125 0.179 0.219 4 
2U + 2 (5Q) 3.6 0.62 0.048 0.064 0.106 0.150 0.179 | 0.070 0.111 0.312 0.445 0.533 j 
11Q £7 Uae 0.050 0.066 0.111 0.155 0.181 | 0.067 0.114 0.243 0.317 0.376 
4Q 2.2. 0.79 0.043 0.054 0.097 0.138 0.171 | 0.061 0.079 0.172 0.250 0.311 ] 
5Q 3.6 0.79 0.050 0.060 0.108 0.148 0.179 0.067 0.108 0.311 0.421 0.493 
0.047 0.059 0.105 0.147 0.178 | 0.063 0.092 0.209 0.296 0.364 


TABLE 4—RATINGS OF SURFACES OF 36 x 36 x 6-IN. CONCRETE SLABS 
Slab made with Kansas sand- | Slab made with Alabama sand and 


Cement gravel concrete, exposed for | gravel concrete, exposed for indi- 
indicated number of months cated number of months 
MgO, Na:O 

No. percent percent o4 12 30 42 54 78 90 105 
1 2.1 0.23 A A | re. ee aes ae oy oe \ 
1 2.2 0.25 A A Aa A A SA ee 
2 3.7 0.35 BA ROBIE OR A oA VA ORR Re 
2 3.5 0.28 Pea Waar Sey ee , ae. ee ey ae ee ee 
3 4.9 0.24 5 See eet A Re elev | er Ce Ot We Be 

3 4.2 0.39 a RBS PRN AVG Br A OA eee te: a 
1 4.6 0.25 A PAS APA OT mG A UAL CA 

108 4.6 0.25 ” ee Oe ae ae Weak s A A SARA ; ft a 
4 2.2 0.79 BiB Deeg BB. B- BB 

4 2.4 0.76 A ae Ce > aD ALE Sr Ak R R 
5 3.6 0.79 As A AO DUG Ra B 

5 3.6 0.71 Voges Go Nee ees eee B 5B B B B is B 
6 4.0 0.71 Au) of 1 Ue D A A 

6 4.4 0,97 A OP De DO“ Db B B B B iy B B 
11 4.7 0.76 * Aeciil © W a W  0 S Be 

11 4.5 0.79 Bie A SR Ay Die B.B B B B B B 
7 2.1 1.36 GB DD sDiD oD 1 eR Bh 3 

Mg 2.3 1,02 BG OG 2D. Bisa B B B ro 

3.0 1 Bean Ki A AC CoD Db a aa 
a0 3.0 1.09 Be As whee De Te Bice B B B B 
4.5 1.15 FA 1 De WAR io To ge 1 B 

a0 4.2 0,92 Cg? a 0 a B B B B g & g 
1% 4.9 1.19 aC. DD: abr BU UB 
be 4.3 1.13 Ao 8. Cy DDL BB B B B B eg 


A = No crazing 
B = hea he crazing 4 , 
= ixtensive crazing and edges mott! 
D = Entire surface santiled a pen deny Sar eperer 
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TABLE 5—COMPARISON OF CEMENTS WHICH PRODUCED LEAST CRACKING WITH 
KANSAS AGGREGATES 


Cement 
1Q 1U 2U 2Q 3U 10Q 10U 3Q 
Expansion at 105 months, 
percent 0.264 0.291 0.504 0.486 0.671 0.673 0.604 0.846 
Alkali content, percent OL 23 0.25 0.28 0.35 0.39 0.25 0.27 0.24 
MgO content, percent 2.1 2.1 3.5 3.7 4,2 4.6 4.6 4.9 


concrete are given in Table 1. The average expansions for the 48 prisms 
made with the 24 cements are as follows: 


Aggregate 12 months 24 months 68 months 105 months 
Illinois 0.031 0.051 0.178 0.257 
Alabama 0.028 0.047 0.173 0.257 
Kansas 0.038 0.106 0.465 0.659 


These results show no differences between the cements when used with the 
Illinois and the Alabama aggregates. At the 24-month and later periods, 
the expansions for the prisms made with the Kansas aggregate were much 
ereater than those for the prisms made with the other aggregates; generally, 
the amount of expansion appeared to be a function of the alkali content of 
the cement. Thus, it appears that expansion in these prisms and the cracking 
of the slabs are associated with an alkali-aggregate reaction. 

In the group of cements with alkali contents greater than 0.7 percent, 
Cements 5Q, 5U, and 11U gave slabs which were the last to develop cracks. 
However, on the basis of the expansions in the prisms, Cements 5Q and 11U 
do not appear to be better than the others in this group but Cement 5U did 
show the lowest expansion for this group. 

In the group of cements with alkali contents between 0.23 and 0.39 per- 
cent, the prisms for Cements 1Q and 1U are the only ones that show ex- 


- pansions at 105 months of less than 0.4 percent. They showed 0.264 and 0.291 


percent expansion, respectively, not appreciably different from the expansions 
shown for all of the cements with the other two aggregates. 

The slabs made with Cements 1Q, 1U, 2Q, and 2U are the only ones that 
did not show cracking at 105 months. However, the prisms made with Ce- 
ments 2Q and 2U show 0.486 and 0.504 percent expansion, respectively. 

From the standpoint of the cracking of the slabs, the eight cements with 
less than 0.4 percent alkali have given what might be considered an almost 
perfect service record for 105 months. However, the slabs made with four 
cements (3Q, 3U, 10Q, and 10U) with MgO between 4.2 and 4.9 percent show 
some cracking at this period. 

These eight cements are compared from the standpoint of prism expansion 
and alkali and MgO content in Table 5. There is no evidence from either 
these or the data for the other cements that the type of cooling affected cement 
behavior. This was expected since it was impossible from microscopic exam- 
inations to observe any effect of the rapid cooling on either glass or periclase 


content. 
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Effect of magnesia and alkali 


The data for these eight cements suggest that the MgO content influences 
expansion of the prisms. This will be pursued further with the data of Table 
3. These data give the expansions up to 72 months of prisms made with 
blends of cements. The blends had alkali contents of approximately 0.2, 0.4, 
0.5, 0.6, and 0.8 percent with each of the three MgO contents of approximately 
2.0, 3.5, and 4.5 percent. The expansions at 72 months for the Illinois sand- 
gravel aggregate concrete ranged between 0.171 and 0.192 percent, with an 
average of 0.178 percent. Those for the Kansas sand-gravel aggregate con- 
crete ranged between 0.193 and 0.545 percent, with an average of 0.364 percent. 
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Fig. 1—Expansion of prisms made with Kansas aggregate, plotted against alkali 
content of the cement 
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The 24, 48, and 72-month expansions of Kansas aggregate concrete are 
plotted against the alkali contents of the cements in Fig. 1. The plot of the 
24-month data shows a trend toward increased expansion with increases in 
the alkali and MgO content of the cement. 

The plots of the 48 and 72-month data show a clearly defined trend of in- 
creasing expansion with increasing alkali content of the cement. However, 
these plots show that the MgO content of the cement contributes markedly 
to the expansion. In all but one case, the prisms made from cements with 
2.9 to 3.7 percent MgO expanded more than those made from cements with 
MgO between 4.1 and 4.9 percent. This seems to be the opposite of what one 
would expect, but no explanation is apparent. 


MECHANISMS OF EXPANSIVE REACTIONS 


A number of investigators have expressed the opinion that some reaction 
(usually referred to as a cement-aggregate reaction) other than alkali-aggregate 
reaction is responsible for the cracking of concrete made with certain sand- 
gravel aggregates. This opinion is based on the observation that there appears 
to be no satisfactory correlation between the alkali content of cement and 
the expansion and cracking obtained in either laboratory specimens or field 
structures. However, a number of investigators? have shown from petro- 
graphic examinations that some of these sand-gravel aggregates contain mate- 
rials that will react with alkalies in concrete and might be responsible for 
much of the expansion and cracking obtained when cements of relatively 


high alkali content are used. 

The data plotted in Fig. 1 support the conclusion that some reaction other 
than the alkali-aggregate reaction is involved in the expansions of these prisms 
made with the Kansas sand-gravel aggregate. However, it appears that the 
-alkali-aggregate reaction is responsible for startung a mechanism which permits 
the MgO to cause excessive expansion. This conclusion is based on the 


following: 
p to 105 months for concretes made with Illinois sand-gravel 


bama and Illinois sand and gravel aggregates are essentially 
O content of the cements. 


1. The expansions u 
aggregate and with Ala 
alike regardless of either the alkali or the Mg 

(a) This seems definitely to show that the size and gradation of the aggregate 
is not responsible for the expansions obtained with sand-gravel aggregate. 
(b) It also seems to indicate that the MgO content of the cements dealt with 


in this study will not cause excessive expansion without an assist from some 


factor that is abnormal to the type of concrete produced with the aggregates 
from Illinois and Alabama. 
2. It is well known that MgO in the form of periclase will react with water in 
concrete and cause expansion and cracking of the concrete. Since the MgO in the con- 
eretes made with Illinois and Alabama aggregates appears not to be causing excessive 
expansions, it seems that the MgO in the Kansas aggregate concrete must have 


greater, access to water than does the MgO in the other concretes. The perme- 
abilities of the three types of concrete, it seems, should not have been greatly different 
because their water-cement ratios were similar. Hence, the behavior of the concrete 
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made with Kansas aggregate does not appear explainable on the basis of the perme- 
ability of the original hardened concrete to water. 


The fundamental mechanism of the alkali-aggregate reaction appears to be 
associated with the formation of expanded units in the cement mortar. These 
units exert pressure and cause expansion when the concrete is moist but they 
probably rarely cause cracking until the concrete dries because concrete has a 
high compressive strength but a low tensile strength. These expanded units 
in concrete made with a low-alkali cement may not be sufficient to produce 
much expansion but they may exert sufficient restraint during drying to 
produce minute cracks in the cement paste. Such cracks could permit water 
to migrate freely to the grains of periclase when the concrete is wetted. 

Accordingly, the mechanism of expansion and cracking involved with re- 
active sand-gravel aggregates appears to be as follows: 

1. Reactions between particles of aggregate and alkalies from the cement 
enlarge these reactive particles. 

2. The enlarged particles tend to expand the structure, but with low-alkali 
cements this expansion may be small. 

3. When the structure dries, the expanded particles restrain the shrinkage 
of the cement paste and produce minute cracks in it. 


4. ‘These cracks in the cement paste increase the permeability of the paste _ 


to water and permit water to contact grains of periclase when the concrete 
is wetted. 

5. The hydration of the grains of periclase causes expansion and, on drying 
of the concrete, these expanded grains restrain the shrinkage and cause addi- 
tional cracking. 

In this mechanism, the only cement-aggregate reaction is the alkali-aggre- 
gate reaction. There is no reaction between the periclase and the aggregate. 

Behavior of concrete made with sand-gravel aggregate has been studied by 
a number of testing procedures. The investigators have not reached clear-cut 
conclusions except that the expansions are not explained in terms of only the 
alkali contents of the cements. Conrow‘ suggested that the expansions are 
related to the calcium hydroxide content of the mortar. However, results of 
a cooperative study® by six laboratories led to the conclusion that other phe- 
nomena associated with the hydration of portland cement in addition to the 
release of Ca(OH)» by hydrolysis of the cement minerals were involved in the 
expansions in this type of concrete. 

The work reported here (which was begun in 1948) was not designed to 
cover variables in the compositions of the cement other than the MgO and 
NazO content. However, as pointed out earlier, the CaO content had to vary 
with variations in the MgO and Na,O content. The cements low in MgO 
which had the highest CaO and calculated 3CaO-SiO: contents showed the 
lowest expansions. Hence, the results of this study do not offer any support 
to the suggestion that the Ca(OH), is a factor in the expansions of the sand- 
gravel aggregate concrete. 
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~ Alabama aggregate 


There is slight evidence from the crazing on the surfaces of the slabs (Table 


4) that this aggregate is reactive toward alkalies because the crazing occurs 


only on the slabs in which the alkali content of the cements exceeded 0.7 per- 
cent. Also, there are a few cracks in some of the slabs made with the cements 
of very high alkali content. However, the prisms made with this aggregate 
do not show greater expansions than those made with the Illinois aggregate. 


These results suggest that this aggregate contains some pieces of reactive 
material* which are so distributed as to be unable to produce much of an over- 
all expansion in the slabs or prisms but can exercise sufficient restraint to cause 
some cracking during drying. The amount of this type of cracking seems to 
be insufficient to increase the permeability of the paste to water and permit 
water to attack the grains of periclase. 


In the slabs made with this aggregate, the only noticeable cracking occurred 
with cements that contained over 0.9 percent alkali. Hence, the results of 
this study indicate that this aggregate could be used safely with cements of 
low and moderate alkali content and with 4.7 percent or less MgO. 


CONCLUSIONS 


It is realized that the results obtained for a sample of natural aggregate 
apply only to that particular sample. However, the sand-gravel aggregate 
from the Republican River in Kansas seems to have a poorer service record 
than most of the sand-gravel aggregates that have been used. Hence, it seems 
likely that cements that would give satisfactory service records with this aggre- 
gate would give as good or better service records with similar aggregates from 
other sources. On this basis, it appears that the sand-gravel aggregates of 
Kansas, Nebraska and Iowa could be used safely with cements having alkali 
content of not more than about 0.6 percent and MgO content of not more 
than about 2.5 percent. 


One might question the selection of the maximum values of 0.6 percent for 
alkalies and 2.5 percent for MgO when it is seen from Fig. 1 that, at 72 months, 
prisms with such cements show between 0.2 and 0.3 percent expansion. It 
seems that the reactions in these small prisms must be much more advanced 
at any given time than they would be in a relatively large concrete structure. 
For example, the slabs made with Cements 2Q and 2U showed no crazing 
nor cracking at 105 months but the prisms had expanded 0.486 and 0.504 per- 


: cent, respectively. Hence, it seems safe to conclude that concrete structures © 


in service will not expand to the degree that small prisms will when completely 


_embedded in soil. 


The service records of concrete in Georgia and Alabama indicate that erack- 
ing is much less severe with cements of moderate and low alkali content than 


with high alkali cements. The results of this study indicate that this should 


_ *Microscopic examinations of pieces of the slabs showed deposits of white gels. 
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be the case and that the MgO content of the cement is not a factor in the 
performance of this Alabama aggregate. 
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Title No. 55-57 


Presents requirements for materials, methods, and work- 
manship in constructing or resurfacing floors, platforms, 
and aprons subject to heavy traffic or to severe use from 
the handling of heavy materials. Various methods of 
treating wearing surfaces made of concrete are discussed. 


Wear-Resistant 
concrete construction 


By SHU-TIEN LI 


WEAR-RESISTANT qualities of concrete constitute an important 
and necessary consideration in constructing or resurfacing heavy-duty con- 
crete floors; factory working areas; passenger and freight platforms at railway, 
bus, and truck depots; aprons and floors at transit sheds of docks, wharves, 
piers, and quays. Under all these circumstances, the construction must with- 
stand: the mechanical wear that is constantly imposed on the surface course. 


A complete answer to floor construction should encompass (a) proper con- 


_ struction of base slab, and (b) proper construction of surface or wearing course. 


This two-course construction is indispensable, because: 
1. The higher quality materials and workmanship required for the surface can be 
limited to the thinner wearing course, thereby making construction more economical. 
2. This scheme provides the easiest and most convenient renewal when it becomes 


necessary. 


To confine the discussion to a reasonable length, it is assumed that the base 
slab has been properly designed in all respects and constructed with suitable 


"materials and appropriate workmanship to adapt itself to the underlying foun- 


dation or supporting conditions, and to be compatible with its overlying 


wearing course. 


879 
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CONSTRUCTION OF WEARING COURSE 


Thickness and slope 
A study of the best contemporary practice in various countries with respect 
to thickness of the wearing course leads to the following recommendations: 


1. Minimum of 34 in. to a maximum of | in. thick if the wearing course is applied 
to a fresh concrete base the same day in which the base course is placed; preferably 
1 in. thick if laid the next day; and 11% in. thick if laid thereafter. 

2. Minimum of 2 to 3 in. thick, depending on site and service conditions, if laid on 
a waterproof membrane. 


The second condition occurs where the space under the base slab is exposed 
to wet conditions and moisture must be prevented from moving through it. 
The membrane should consist of bituminous asbestos felt (with or without a 
layer of acid-resistant asphalt, but preferably with one ply of saturated glass 
fabric), laid with broken joints in two coats to finish } in. thick. It should 
be bonded with bitumen to the body of the slab and designed as a liquid-tight 
receptacle that will shed seepage moisture into drains. 

For convenience of construction and to provide required minimum drainage 
and cleansing slopes, it is reeommended that the wearing course be: 


1. Uniform in thickness. 

2. Crowned with a gentle parabolic vertical curve, or with a minimum drainage 
slope of at least 1 in 60 for a smooth surface and 1 in 40 for a roughened surface in 
mild climate, and with a steeper minimum slope in localities where cycles of freezing and 
thawing occur. 

3. Sloped transverse to the general direction of traffic for drainage. 

4. Free from depressions or pockets that would retain liquid. 


Preparation of base slab 

The wearing course is supported by, will be affected by, and should be 
bonded to the base slab, hence the latter should be properly prepared. When 
the wearing course is to be placed the same day as the base slab, the surface of 
the base slab should be finished reasonably true, struck off at a surface profile 


parallel to that of the wearing course, and lowered by the thickness of the 


wearing course, so that the finished surface of the wearing course will be at the 
designed grade. 


When the wearing course is to be placed sometime after the base slab, in 


addition to the requirements mentioned above, the surface of the base slab. 


should be further prepared as follows. Before the base slab has fully hardened, 
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his work has been in the fields of structural and hydraulic engineer- 
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and after its condition permits, all dirt, laitance, and loose aggregate should 


be removed with a wire broom leaving the course aggregate slightly exposed ; 


or after it has hardened, its surface should be prepared for bond by chipping, 
and all dirt, laitance, chipped mortar, and aggregate removed. Just prior to 
placing the wearing course, the base slab should be thoroughly scrubbed. 


Essentials for durable wearing course 

To insure wear-resistant qualities, the concrete must be hard, durable, and 
dense. Such concrete will ‘ring like an anvil” when struck with a hammer. 
To obtain sufficient wear-resistance, it is necessary to carefully consider: 


Selection of materials. 

Details of mix proportioning. 

Manufacture and compaction of the concrete to give maximum density. 
Effective curing. 

Effective surface treatment. 


BASS GONE 


Maximum density implies minimum porosity and permeability. Strong, 
tough, resilient concrete will suffer least from cracks. Effective curing and 
surface treatment will increase abrasion resistance and postpone the exposure 
of internal pores. This reduction of pores and cracks will retard the possible 
penetration of any acidifiable substance that will attack portland cement con- 
crete and cause deterioration of the constituents of the hydrated cement. 
Thus, good concrete is not only capable of withstanding mechanical wear from 
without, but also eliminates deterioration from within. 

There are many proprietary hardeners and dustproofers available. Each 
will serve its purpose to a certain extent under normal conditions, each will 
increase the serviceability of a good concrete, but none is a substitute for good 
concrete. However, an already good concrete may always be advantageously 
supplemented by surface treatment. Metal grids may be used to minimize 


-jocal effects of abrasion, but unequal wear of the metal and concrete surfaces 


produces an uneven surface. A well laid concrete surface has a good resist- 
ance to abrasion, is easily constructed and cleaned, and can give satisfactory 
service. Durable concrete surfaces can be achieved by using: 


1. Relatively rich mix with standard quality cement, proportioned for maximum 
density with sound, well graded aggregate, carefully weighed and thoroughly mixed 


with minimum water for workability. 
2. Thorough and uniform consolidation with the aid of a power compactor weighing 


250 lb or more, or a combined heavy power vibrating screed and compactor. 
3. Adequate curing to ensure maximum hydration of cement. 
4. Watertight construction joints. 


| Ingredients of surfacing concrete 


Ingredients should comply with the requirements of their respective standard 


specifications and, in addition, the following considerations and stipulations 


are essential. . 
Water—Water is as important as any other constituent in concrete. Its 


required qualities are often neglected. However, the need for good quality 
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water can never be overemphasized. It should be clear and free from injuri- 
ous amounts of oil, acid, alkali, organic matter, or other deleterious substances. 
In case of dubious quality through macroscopic examination, it should be 
analyzed and, if necessary, given proper treatment before use. 


Cement—(a) In general, any of the portland cements defined in ASTM 
standards may be selected for a given construction depending on desired 
physical and chemical properties, and availability. However, Type II cement 
may usually be eliminated from consideration. Type IV cement is a little less 
vulnerable to chemical attack than Type I and Type III. Types IV and V 
should be used only where absolutely necessary, because they are not usually 
carried in stock. Type III cement can be put into service at an early age, 
since it hardens rapidly and requires only 1-day curing in moist air. (b) As 
cement can deteriorate rapidly in storage, it must conform to the requirements 
of standard specifications at the time of use. (c) The use of any high-alumina 
cement should be accompanied by slightly different treatment as set forth 
later. High-alumina cement concrete should not be used under continuously 
warm, damp conditions, or where there are alkaline hazards. (d) It is not 
advisable to use more than one type of cement on a given job, at least at the 
same time. The contamination of one type of cement with another, either 
directly or via equipment, should always be avoided. 


Aggregates—Aggregate particles should be angular, but not flaky. No’ 


rounded aggregate should be used, as they cause slipperiness when exposed by 
wear. Both coarse and fine aggregate should be well graded for maximum 
density from the locally available processed aggregates by trial and tests, and 
they should further meet the following requirements. (a) Fine aggregate 
should consist of clean, hard sand or crushed stone screenings free from dust, 
clay, loam, or vegetable matter. All fine aggregate should be graded from 
coarse to fine with more than 95 percent passing the No. 4 sieve and less than 
5 percent passing the No. 100 sieve. (b) Coarse aggregate should consist of 
clean, hard crushed stone such as basalt and traprock, granite, quartz, or 
diorite. All coarse aggregate must pass the )4-in. sieve, with more than 90 
percent passing the 34-in. sieve, and less than 5 percent passing the No. 8 sieve. 


Water-cement ratio and proportioning 


The concrete should be of the driest consistency possible to work with a 
sawing motion of the strike-off board or straightedge. The lowest water con- 
tent compatible with thorough compaction can be achieved as follows: 


1. Water/cement ratio selected to ensure the required minimum compressive 
strength, or degree of durability, desired for a given service. 

2. Aggregate graded such that when mixed with the cementitious paste will give 
the densest concrete. 


3. Aggregate/cement ratio such that a workable mix can be fully compacted by 
a particular method of compaction. 


Proportioning should be guided by experience and quantitatively determined 
from trial mixes. 
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Taylor? recommends that “The total quantity of water in the mix should 


be from 3% gal. to not more than 4 gal. per cu ft of cement.’”’ Good practice 


has testified the soundness of this maximum relative water content in the mix. 
However, the Portland Cement Association® stipulates that ‘‘Not more than 
5 gal. of mixing water, including the moisture in the aggregates, shall be used 
for each sack of portland cement in the mixture.” This upper limit is too high 
for optimum results for any type of portland cement except high-early-strength 
cement. 

Excess mixing water reduces the strength and durability of concrete by 
forming a great number of capillaries in escaping to the surface, and a weak 
surface film that is subject to crazing and dusting. Siliceous dust has a hard- 
ness value of 7 and acts as a grinding agent under truck wheels accelerating 
mechanical wear. The quantity of mixing water must, therefore, be carefully 
gaged, and all the free surface moisture of the component aggregates must be 
deducted from the prescribed amount. 

For any locally available processed aggregate, the necessary slight variation 
in the mix to secure maximum density and required consistency should be de- 
termined by trial and standard laboratory tests. The specimen mix series for 
the wearing course may be planned around 1 part cement, 1.2 parts fine ag- 
gregate, and 2 parts 4- or 3@-in. coarse aggregate, by weight. If the aggregate 
are comparatively coarse, the coarse material may be reduced, but its volume 
should preferably be not less than 1/4 times the volume of the fine material. 


Control of consistency 

As concrete with a low water content requires more physical exertion to 
place and compact, contractors are inclined to add too much water, especially 
when power compactors are not available. A control should be exercised by 
the slump test. For the wearing course, a concrete with “zero”? slump should 


- -be adhered to when finishing is performed with a power compactor. A slight 


slump, always kept well below 1 in., may be tolerated with caution if a power 
compactor is not available and the traffic on the floor is not extremely heavy. 
A no-slump mix should be made so that only an insignificant amount of mois- 
ture can be brought to the surface when a sample is squeezed in the hand. 

Changes in consistency should be obtained by adjusting the proportions of 
fine and coarse aggregate within the limits previously cited, or by introducing 
an air-entraining or a wetting agent in percentages within the limits given 
below; but in no case should the amount of mixing water exceed 4 gal. per bag 


of normal portland cement. 


Air-entraining or wetting agents 
In the present state of the science and art of manufacturing wearing-course 


~ concrete, there is a new vista in adhering to the lowest possible water content 


and in improving the workability of mixes and the quality of concrete by an 
air-entraining or a wetting agent. Several proprietary materials of this nature 
are available. For best results, they should have a low content of free sulfate, 


-_-and addition at the mixer should be in accordance with the recommendations 
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of the manufacturer. Within the limits of 3 to 6 percent, entrained air will 
decrease the permeability and increase the durability of the concrete. The 
total quantity of water in the mix, including that in the aggregates and in the 
air-entraining or wetting agent, may thus be reduced while maintaining a 
necessary given degree of workability. Concurrently, the fine aggregate may 
be reduced slightly by an amount equal to the net change in volume of air plus 
water so that the cement factor of the concrete is kept constant. Air-en- 
training agents are somewhat more effective than wetting agents in this respect, 
but wetting agents are capable of improving the dispersion and hydration 
of the cement and the quality of the concrete. 


MIXING 

Weighing 

It is always preferable to measure the constituents of the mix by weight 
rather than by volume, using special weigh-batchers or adapting platform 
scales. Aggregates vary with materials used, and should be carefully weighed 
for best results. When the weight of fine aggregate is determined by sampling 
and actually measured by equivalent volume, a correction becomes necessary 
for bulking due to moisture content. 


Corrections 

Good practice dictates the use of full bags of cement per batch. Should 
it be necessary to use less than a bag per batch, appropriate allowance must 
be made for the increase in volume of cement due to aeration by disturbance. 


To allow for the weight of free moisture in the aggregate, corrected batch 
weight is 


where W, is the dry weight required, m is the total free moisture content 
expressed as a decimal, and W, is the corrected batch weight. 
Total free moisture, m, consists of free surface moisture, m;, and absorbed 


moisture, mq, in the surface of the aggregate. Normally, m, is about 1 percent. 
Therefore, 


m = my + ma = 1.01 my 


When the aggregates appear porous, absorbed moisture may be much higher 
than | percent, in which ease the percentage should be determined. Free sur- 
face moisture may be determined gravimetrically by 


(a) Oven dr¥ing. 

(b) Ignition loss of a mixture of moist aggregate and methylated spirits. 
(ce) Using proprietary moisture testing equipment. 

(d) An inundation method. 
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If an air-entraining agent is used, the air content of air-entrained concrete 
‘should be measured by an air meter or by gravimetric procedure, and proper 
adjustment made as to the desired amount of the air-entraining agent to be 
introduced to the concrete mix. 


Mixing 
The order of mixing has some influence on the quality characteristics of the 
concrete. Concrete mixes of stiff consistency should only be prepared in a 
paddle or pan mixer. The strongest and most durable concrete is produced 
by first mixing sand and cement together, then adding water to the cement-sand 
mixture, and then adding the coarse aggregate. Revolving drum mixers in 
common use are not recommended for the type of mix under consideration. 
When their use is unavoidable, the order of mixing must be checked and altered 
if necessary to prevent balling of the mix. Total mixing time should generally 
e be continued for 2 to 3 min, and that portion of the mixing time after all in- 
' _ gredients are in the mixer should continue for at least 144 min. 


4 PLACING AND FINISHING 
; Placing 

The wearing course should be placed after the base slab has been prepared 
as described previously. In addition, if the wearing course is placed as soon 
ag the base slab has become sufficiently firm to withstand foot pressure, or has 
4 set sufficiently so that water does not rise to the surface, but within 2 hr after 
placing, any water and laitance that has come to the surface of the base slab 


~. should be removed. 

a A convenient procedure is to place the base slab in the afternoon and the 
f wearing course the next morning, thus allowing ample time for performing the 
; several floatings which are necessary for optimum results. When the wearing 
i. 
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course is thus placed after the base slab has partially hardened, in addition to 
other preparation requirements, the base slab should be thoroughly wetted just 
prior to placing the wearing course, but pools of water should not be left 
standing on the wetted surface. A thin coat of neat cement slurry or grout 
should then be broomed onto the surface of the base slab for a short distance 
ahead of the topping such that the wearing course will be laid before the grout 
has hardened. When the wearing course is to be laid over a well matured base 
slab, the base slab should be soaked with water overnight or for an equivalent 
length of time. 

If an integral waterproofing compound has been incorporated into the base- 
slab concrete, a small amount of wetting agent, approximately 14 percent by 
weight of cement, may be added to the grout making it spread more easily. 

If high-alumina cement is used for the surface course over a base course 
made with normal portland cement, the base course should be moist cured 
for about a week and then coated with a high-alumina cement slurry just 
before the surface course is laid. 

Immediately after laying, the wearing course should be spread and brought 
to slightly above the designed grade by screeding or striking off with a straight- 
edge to allow for compaction. 


_ i. ™ 


Compacting ‘ 

After striking off the wearing course to slightly above the designed grade, 
it should be thoroughly compacted by tamping or rolling, screeded again if 
necessary, and then floated until true to the designed grade by a power driven 
floating machine. The surface should be tested with a straightedge to detect 
high and low spots which should be eliminated. 
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Finishing by troweling alone 


Floating should be followed by steel troweling after the concrete has harden- 
ed sufficiently to prevent moisture and excess fine material from being drawn to 
the surface. The finish should be brought to a smooth surface free from defects 
and blemishes. The trowel should give a ringing sound when drawn over the 
surface. The layer of fine material on the surface of the wearing course should 
be kept as thin as possible, because the calcium hydroxide and hydrated cal- 
cium aluminate formed during the setting of cement render it vulnerable to 
attack. For this reason, care should be taken to avoid: 
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1, Too early troweling. 
2. Addition of water to facilitate troweling. 


3. Dusting or sprinkling dry cement or a mixture of dry cement and stone dust 
or sand directly on the surface to absorb moisture or to stiffen the mix. 


After the concrete has further hardened, additional troweling may be required 
depending on surface desired. 


Finishing with an abrasive 


Where a surface is desired which will not wear smooth, an abrasive such 
as silicon carbide may be added in an amount from 3 to 4 Ib per sq yd during 
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final troweling, the finishing procedure prior to troweling being the same as 
troweling alone. The operation of adding the abrasive may be facilitated 
using a coarse sieve fitted with a piece of strong paper punched with /4-in. 
diameter holes from-1 to 114 in. apart. The abrasive grains should be set 
firmly in the finish but should not be buried beneath the surface. 


Finishing by grinding 

Where finishing by grinding is required, surfaces should be swept with soft 
brooms, after rolling, to remove any water and surplus cement paste that 
may be brought to the surface. The wearing course is then floated and lightly 


troweled once. No attempt need be made to remove all trowel marks. 


As soon as the wearing course has hardened sufficiently to prevent dis- 
lodging of aggregates, it is machine ground with rapid-cutting abrasive stones 
to expose the coarse aggregate. The surface should be kept wet during grind- 
ing, then squeegeed and flushed with water to remove ground-off material. 


A cement slurry of creamy consistency should then be spread over the sur- 
face and worked into all air holes, pits, and other blemishes with a steel straight- 
edge. The slurry is rubbed into the surface with the grinding machine. The 
wearing course should be kept moist for at least another 3 days, but the total 
time of curing should be not less than those recommended under curing below. 
The surface is then given a final grinding to remove the film and to give the 
finish a polish, then washed until all surplus material is removed. 


Protection 

All freshly placed concrete of the wearing course should be protected from 
the elements and from possible defacement due to other building operations. 
When necessary, all freshly finished concrete should be covered completely or 
enclosed by tarpaulins. 


Weather precautions 

If during the progress of work the temperature is, or will within 24 hr drop 
to, 40 F, the water and aggregate should be heated and precautions taken to 
keep the temperature of the concrete above 70 F for at least 3 days or above 
50 F for at least 5 days. 

When high-early-strength cement or other high-alumina cement is used, the 
temperature of the constituents at batching should not exceed 75 F and the 
concrete should not be placed while the shade temperature exceeds 85 F. If 
the temperature does not fall within these limits during the day, it may be 
necessary to place at night. 


CURING 


As soon as the surfacing concrete has hardened sufficiently to withstand 
defacement, it should be protected with at least 1 in. of wet sand, or other cov- 
ering, to prevent premature drying. The covering should be kept wet for 1 


to 2 weeks, depending on environment, when normal portland cement is used; 
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and for an additional week if low-heat portland cement is used. This period 
may be reduced to 3 to 10 days when high-early-strength cement or an accel- 
erator is used. If possible, the longer curing is always to be preferred. The 
minimum curing period may be satisfactory in the beginning, but might result 
in an earlier and faster deterioration of the wearing course. 
High-early-strength cement or high-alumina cement is rapid hardening and 
generates much heat during setting. To prevent the formation of pores and 
undesirable changes in crystal structure, water evaporation should be kept 
slow during the initial period of curing by watering sparingly and then by 
spraying or flooding with flowing water for the rest of the curing period. 


Methods of membrane curing that may be applied over the wearing-course 
concrete to retard evaporation include: 
1. Airtight sheathing of polyethylene membrane. 
2. Colorless curing compound, or special oil. 


3. Asphalt-impregnated, waterproof paper, with all seams overlapped and sealed 
with tape. 


The effective hydration of cement through proper curing will substantially 


- increase the strength, abrasion resistance, and durability of concrete; and will 


prevent drumminess and weakness from developing at the edges through pre- 


mature drying and shrinkage of the surface. A period of drying after curing, 


will improve the resistance of the cement to possible chemical attack. Pref- 
erably, a slab should not be put into service until it has dried for 1 week 
after curing if good service life is to be expected. 


JOINTING 


Joints in the wearing course should coincide with those in the base slab. The 
dimensions of such sections are determined by the tendency of the concrete to 
develop irregular shrinkage cracks. A crack in the base slab is likely to appear 
in the wearing course and reduce its service life. 

If a concrete slab is to be exposed to the weather, it is preferable to limit 
the sections to 15-ft squares. If the slab is fully enclosed, such sections may 
be increased to about 20 ft square if the base slab is reinforced with light steel 
fabric. 

Joints in the wearing course should be formed carefully by sawing without 
raising the edges above the surface. 


Caulking 


After the wearing-course concrete has cured and dried, the joints should be 
thoroughly cleaned, primed, and caulked. Caulking should be in two appli- 
cations, with a mastic or bituminous rubber emulsion jointing compound. The 
compound should be firm, adhesive, ductile, and of low inherent shrinkage. 
The joints should be well maintained. Where joints are crossed by trucking 


lanes, they should always be filled with lead, or protected with a strip of rubber, 
copper, or soft brass. 
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Courtesy Stow Manufacturing Co. 


Compacting and screeding warehouse floor with vibrating screed 


SURFACE TREATMENTS 


Surface treatments tend to seal the pores, act as a moisture barrier, and 

prevent dust formation. They are, however, not permanent and need periodic 
renewal. Along heavy traffic paths, the surface treatment should be increased 
in thickness or an additional coating applied. There is no surface treatment 
which can be depended on as a panacea. Where there is a weak, thickened, 
or uneven surface skin, it should first be ground off to eliminate subsequent 
local dusting and wear. 
- Surface treatments should be selected for a given slab wearing course ac- 
cording to relative merits, economics, and availability. Better useful service 
will be secured if they are properly applied. Liquid compounds should be 
applied after curing and drying of the wearing course. On a slab that will be 
subject to intense wear, it is advisable to leave the texture of the surface “off 
smooth” to provide a mechanical bond for a thick surface treatment. 


A few surface-treatment materials and their methods of application are: 


Metallic silico-fluorides—These consist of about four parts magnesium silico- 
fluoride, one or more parts zinc silico-Auoride, and not more than one part 
lead or aluminum silico-fluoride. In using this treatment, the concrete should . 
not contain an integral water-repelling agent or be cured with oil. Generally, 
three coats should be applied and covered 1 day later with two finishing coats 


“of plasticized synthetic resin varnishes. The metallic silico-fluoride should 


be a 30 percent solution diluted with water to 14 concentration for the first 


coat; 14 concentration for the second, and used neat for the third. The appli- 
cation should be such that 1 gal. of undiluted 30 percent solution will cover 


a“et ee 


a al 
¥ : 


os 


bi 


MLR RO: 


890 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE February 1959 


about 20 sq yd in each of the first two coats and about 30 sq yd in the third. 
Each coat must be sufficiently dried, or an interval of at least 4 hr be allowed 
between coats, to allow the succeeding coat to penetrate. After drying, the 
surface of the third coat should be washed thoroughly with water to remove 
any surplus solution. The reaction between the calcium hydroxide in portland 
cement and the metallic silico-fluorides tends to densify and harden the con- 
crete by precipitating compounds in the pores but does not completely seal 
them. During the application of this treatment, good ventilation should be 
maintained, and operators must be positively warned to protect flesh wounds 
from contact with the solutions. 


Plasticized synthetic resin varnishes—This group includes those containing 
polyvinyl chloride and acetate copolymer; phenol formaldehyde; cashew nut 
resin; furane; polystyrene; and epoxide, alkyd, or coumarone-type resins. 
Some have better adhesive qualities and more resistance to abrasion than 
others, depending on composition. Water must be kept off these preparations 
until they are completely set. Three coats of these preparations should be 
applied if used alone, or two coats if metallic silico-fluorides have been applied 
previously. 


Bituminous seal—Bituminous seal should consist of a prime or tack coat 


and two protective coats. The tack coat should be first applied to the con-_ 


crete surface to ensure bond for the subsequent coats. It should be a cutback 
bitumen with such consistency that each gallon will cover 6 to 7 sq yd when 
applied cold. It should be allowed to dry for at least 1 day even during warm 
weather. An alternate method is to have a thin uncovered continuous film of 
slow breaking bituminous emulsion applied just after initial set of the con- 
crete to serve both as a curing medium and as the subsequent primer for the 
protective coats, 


The first protective coat should be a thin layer of bituminous emulsion uni- 
formly spread at the rate of 1 gal. to each 5 sq yd and immediately covered, 
before the emulsion turns back, with clean \%-in. grit or coarse washed sand 
uniformly distributed at 1 cu yd per 160 sq yd and then lightly broomed and 
rolled. 


After several hours, the excess unbound sand of the first protective coat 
should be carefully swept off, and a second protective coat of bituminous emul- 
sion with covering, brooming, and rolling performed as for the first coat. Un- 
bound material should be left on the surface for about a day after rolling to 
allow as much as possible to be worked into the bitumen by subsequent traffic. 
Then the excess material may be swept off. 


Bituminous seals do not resist fruit juices, oils, fats, grease, and other organic 
solvents efficiently, particularly at higher summer temperatures. Their use 
should, therefore, be avoided where snack bars and refreshment counters may 
be installed at railway or bus depots. 
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Cold bituminous mastic mortar—This mortar should consist of a mixture of 
1 part portland cement mixed dry with 4 parts clean, fine-to-medium sized 
sand, to which a small amount of water is added before stirring in 2 parts 
industrial bituminous emulsion. 

A tack coat should be applied first. It is made by diluting industrial bitu- 
minous emulsion with about 5 percent cold water to reduce the emulsion to a 
thin brushing consistency, and should be spread at least 114 gal. per 100 sq ft 
to make it effective. The tack coat may take about 14 hr to dry, varying some- 
what with weather conditions. 

After the tack coat has dried, a layer of the bituminous mastic mortar of 
firm consistency should be applied to give a final depth of about 14 in. The 
mortar should be tamped, screeded, and subsequently leveled with a wet, 
wood float. When the initial set has started a few hours later, as stresses tend 
to develop with loss of water, causing slight shrinkage, the surface should be 
back-troweled with a steel trowel to dissipate such stresses. As soon as the 
surface can be rolled without undue marking, it is advantageous to consolidate 
it with a hand roller, but not absolutely necessary. The slab should be cured 
for 24 hr with damp sawdust, sacking, or similar method. The slab can be 
put into service about a week after curing. Although slight indentations 
may be caused by early heavy trucking, the resulting marking will disappear 
and further traffic will improve the surface. 

Where it is desired to have only heavy trucking aisles surfaced with cold 
bituminous mastic mortar, the mix can be worked out to a feather edge, but 
care must be taken so that it does not go beyond the tack coat, to keep ade- 
quate bond. 

Where the slab will be continually wet and subjected at the same time to 
severe abrasion, as with an uncovered slab in a wet climate under heavy traffic, 
mastic-mortar surfacing should not be used. 


REFERENCES 


1. Lyse, Inge, and Holme, J. M., “Durability Studies of Concrete and Aggregates,” 
ACI Journat, V. 5, No. 2, Nov.-Dec. 1933 (Proceedings V. 30), pp. 121-128. 

2. ACI Committee 804, “Concrete Wearing Surfaces for Floors,’ ACI Journat, V. 10, 
No. 1, Sept. 1938 (Proceedings V. 35), pp. 21-32; Dise.—R. T. Giles, E. W. Scripture, Jr., 
F. E. Richart, C. B. Vannier, F. G. Baldwin, and Committee, V. 10, No. 7, June 1939 (Pro- 
ceedings V. 35), pp. 32-1-32-15. 

3. Wastlund, Georg, and Eriksson, Anders, “Wear Resistance Tests on Concrete Floors 
and Methods of Dust Prevention,” ACI Journat, V. 18, No. 2, Oct. 1946 (Proceedings V. AZ), 
pp. 181-200. 

4. “Design and Control of Concrete Mixtures,” 10th Edition, 1952, Portland Cement 
Association, Chicago, 68 pp. 

5. “Specifications for Heavy-Duty Conerete Floor Finish,” Concrete Information ST-69, 
Structural and Railways Bureau, Portland Cement Association, Chicago. 5 

6. ‘Design of Concrete Mixes,” The United Kingdom Department of Scientific and 


Industrial Research, London. 


892 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


7: 
of Australia, Sydney. | 
8. ASTM Standards 1955, Part 3, American Society for Testing Materials, Philadelphia. 
9. Taylor, W. H., “Durable Floors for Factories,” Report No. R-7, Division of Building 
Research, Commonwealth Scientific and Industrial Research Organization, Melbourne, 1956. 
10. ASTM Standards, 1956 Supplement, Part 3, American Society for Testing Materials, 
Philadelphia. 
11. ASTM Standards, 1957 Supplement, Part 3, American Society for Testing Materials, 
Philadelphia. 


7. “Design, Control, and Characteristics of Conerete,” Cement and Concrete Association: 


Received by the Institute Apr. 21, 1958. Title No. 55-57 is a part of copyrighted Journal of the American 
Concrete Institute, V. 30, No. 8, Feb. 1959 (Proceedings V. 55). Separate prints are available at 50 cents. 


American Concrete Institute, P. O. Box 4754, Redford Station, Detroit 19, Mich. 


Discussion of this paper should reach ACI headquarters in triplicate by 
May 1, 1959, for publication in the Part 2, September 1959 JouRNAL. 


February 1959 


MAN ne ee ye 


a 


Title No. 55-58 


SPECIFIC SURFACE 


OF AGGREGATES 
Applied to Mix Proportioning 


By B. G. SINGH 
SUGGESTED PROPORTIONING METHOD, applicable to both 


continuous and gap-graded aggregates, uses specific surface of ag- 
gregate as an index of grading. Two charts are offered for use with 
this method. After selecting the W/C ratio to give a required 
strength, the first chart is used to choose an aggregate-cement ratio 
that will give desired consistency at the selected W/ C. From the 
second chart a specific surface corresponding to the aggregate- 
cement ratio is chosen to allow for slightly higher or lower sand con- 
tent. The fine and coarse aggregate are combined (as illustrated) to 
give the required specific surface. Charts are for irregular, %4 in. 
maximum size aggregate, but charts for proportioning with other 
types and sizes of aggregate may be similarly developed. 


"Tuere ARE VARIOUS METHODS OF PROPORTIONING for general 
purposes. In Great Britain type-grading curves are usually chosen as a basis 
of concrete mix design, whereas in the United States the fineness modulus is 
chosen. Both methods are reliable with aggregates containing all or most of 
the aggregate size groups as determined from the same analysis, but become 
less reliable or inapplicable with other aggregates. 

It can be shown that there is a close connection between various grading 
indices and the specific surface, limitations of these grading indices with 
“unusual” gradings may be due to their inability to give sufficient recognition 
to variations in specific surface. However, attempts made by Edwards,! and 
later by Young,” between 1918 and 1920 to base concrete mix proportioning on 
the surface area of aggregates, did not find favor and were little used. 

Two earlier papers** indicate that, provided harshness is avoided, the 
strength and consistency of concrete are reasonably constant if the specific 
surface is constant. This, it might be emphazised, is quite independent of the 
particle size distribution. The important implication of this fact is that the 
specific surface as an index of grading is applicable to a wider range of grading 
than the type-grading curves or the fineness modulus. 
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B. G. SINGH is with Jamaica Engineering and Research Co., Ltd., Jamaica, 
West Indies. A member of ACI, Dr. Singh has written several papers 


which have appeared in the JOURNAL; the latest, “Aggregate Grading 
Influences Air Entrainment,” appeared in January. 


It should be possible to modify concrete mix proportions based on other 
grading indices if these indices could be related to specific surface for their 
range of application and then be extended. For example, it is easy to esti- 
mate the specific surface corresponding to a given type-grading curve and then 
to obtain other gradings with an equivalent specific surface, and with these to 
proportion concrete mixes as suggested. 


CHOICE OF AGGREGATES 


Provided that the particles of the aggregates are clean, resistant, durable, 
and the dust content (that passing the No. 100 sieve) limited to a few percent, 
good concrete can be made with a wide range of grading and the choice of 
aggregates should largely be a question of economy. 

Combined aggregates with one or more size groups absent are normally 
called gap-graded aggregates. Each size group absent is considered one gap. 
Such aggregates with two or three successive gaps (within the extreme size 
groups) suffer a few disadvantages compared to continuous grading. As a 
general rule, three successive gaps should be avoided for wet mixes as there 
is a marked tendency for such mixes to segregate. However, if concrete of 
stiff consistency is required and is to be placed by vibration the latter grading 
may even be used with advantage and give properties not obtainable with 
continuous grading. 

As the sand in the mix becomes finer, a lower percentage is required. The 
coarse aggregates pack closer (compare A and B of Fig. 1). However, to avoid 
harshness, higher aggregate specific surface is required. The use of a lower 
sand content might be desirable in view of lower cost of coarse aggregate, 
though the use of a higher specific surface will require a higher water-cement 
ratio to maintain a given consistency, which could involve the use of a slightly 
richer mix. 

Rounded aggregates have a lower specific surface for a given particle size 
distribution, and a lower specific surface (less sand) could be used, which, in 
effect, could mean a saving in cement. Therefore aggregate shape also plays 
an important part in selection. 

Control of aggregate specific surface and water-cement ratio in a mix be- 
comes more difficult as the sand becomes finer, for two main reasons. First, 
a variation in batching could lead to a more significant variation in specific 
surface, and second, the water content in the sand under practical storage 
conditions could be more variable. In general, the quality of concrete made 
with such material will require greater control and this should be considered 
in relation to the price of such materials. 
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Proportions of fine and coarse aggregate 


The proportioning of fine and coarse aggregate is still somewhat arbitrary 
and is not related to specific requirements as it should be. Apart from methods 
that specify a 1:2 fine to coarse aggregate ratio, other more recognized methods 
of mix proportioning are somewhat indefinite on this point and it is left to 
choice. This, to a certain extent, is understandable as factors influencing the 
fine to coarse aggregate ratio are numerous. However, fine aggregate content 
for a given maximum aggregate size and shape is mainly influenced by the 
following factors: ; 


(a) Aggregate-cement ratio 

(b) Grading of the sand 

(c) Consistency and method of placement 

(d) Ratio of volume of concrete to its smooth area (both internal and external) 


Although (a) and (b) could be investigated within limits, (c) and (d) will 
vary from job to job. Thus, any relationship drawn up for fine aggregate 
requirements for (a) various mixes and (b),sand grading will have to allow a 
suitable variation lest the relationship have little practical significance. 


As a mix is made richer and the sand gets finer, less of it could also be used 
with advantage. A sand content for example, suitable with an aggregate- 
cement ratio of 6 will produce a rather fat concrete with, say, an aggregate- 
cement ratio of 3; conversely a suitable sand content for an aggregate-cement 
ratio of 3 will make a rather harsh concrete with an aggregate: cement ratio of 6. 
The aim in fixing this ratio should be to keep the specific surface at a minimum 


‘ A (left)—Grading No. 7, having 24 percent between No. 52 and No. 100 sieves, 38 percent between % 
~ and %¢ in., and 38 percent between ¥%, and % in. B (right 


)—Grading No. 5, having 11.2 percent between 
No. 52 and No. 100, No. 25 and 52, No. 14 and No. 25, No. 7 and No. 

ercent between % and %@ in., and 22.0 percent between — 
¥%, and % in. ee 


closer as the sand in a mix becomes 


each of the following sieves: 
14, and No. 7 and %¢ in.; and having 22.0 p 


Fig. 1—Showing that coarse aggregate packs 


finer. Mix 1:6 by weight, water-cement ratio, strength, Gnd consistency are constant 
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yet to avoid harshness as this will give a required strength and consistency 
with the least cement. 

Fine sand with two or three successive gaps allows the coarse aggregate to 
pack closer (see Fig. 1) and as a result a smaller percentage is required, though 
a suitable specific surface for the combined aggregate must be somewhat 
higher to avoid harshness. As with gradings with no gaps, the fine aggregate 
content (and therefore the specific surface of the combined aggregate) must be 
increased as the aggregate-cement ratio of the mix is increased. 

The range of appropriate specific surface values applicable to continuous 
and gap-graded sands for various aggregate-cement ratios, (aggregate of 34 in. 
maximum size) have been examined and a relationship obtained (Fig. 2) that 
should be acceptable for most purposes. This may have to be modified in the 
light of further experience. 

For a range of mixes normally used, Zone 1 of Fig. 2 indicates a range of 
acceptable specific surface values for aggregates with one or no gaps. The 
lower limit is suitable for mixes with lower sand contents and the higher limit 
for mixes requiring more sand and with an increasing dust content. For a 
straight graded sand between the No. 100 and the 3/16-in. sieve sizes, it 
could vary by about 814 percent within the zone. This range should be ade- 
quate for most purposes for any given mix. 

Zone 2 indicates a range of acceptable specific surface values, for aggre-° 
gates with two or three gaps, and for the normal aggregate-cement ratios. As 
for Zone 1, lower and higher specific surface levels are given to allow for low and 
high sand contents and when dust is present in the aggregate. Zone 2 allows a 


Fig. 2—Relationship of spe- 
cific surface and aggregate- 
cement ratio for continuous 
and gap-graded aggregates, 
¥% in. maximum size, river or 


Aggregpte: Cement Rotio (By Wr) pit 
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variation of about 614 percent with a sand straight graded between the No. 
100 and the No. 25 sieves. It should be noted that mixes of especially stiff 
consistency, made with sand with two or three of its coarser size groups absent, 
show an apparent harshness which disappears with compaction. 


METHOD OF COMBINING FINE AND COARSE AGGREGATE TO GIVE A 
REQUIRED SPECIFIC SURFACE 


For convenience aggregate passing the 3/16-in. sieve is usually denoted 
fine, and that retained, as coarse. If the weights of various size groups present 
in a fine aggregate are given by Aj, Ao, Az, etc., and the corresponding specific 
surface is given by Sj, Se, S3, etc., then its specific surface is then given by: 


sg _ A181 + Ae Se + As 8s + eS igeksy + Ag Se A, 
: ee mena <p 


The specific surface of the coarse aggregate can be calculated similarly. 
The specific surface of the various size groups can be determined by the 


t bilit thod - 
ee TABLE 1—SPECIFIC- SURFACE. OF VARE 
timation made on the basis of a shape OUS SIZE GROUPS OF AN IRREGULAR 
factor (see Discussion). In carrying AGGREGATE 


out this test, the six groups should be 


. . ; : Sq cm i 
effectively separated. Failure to do fe Beane Te al a 
so will result in variation. Values ob- No. 100 sieve | No. 200 sieve | 260 


No. 52 sieve No. 100 sieve 128 


tained for effective sieving by this. No. 25sieve | No. 52sieve | 65 
No. 14 sieve | No. 25 sieve 35 


method, that are likely to have more No. sieve | No. I4sieve | 16 
general application for aggregate Sein: seve ‘pin. sieve t Hstimated 
classified as irregular by British Stand- pee Mies a hens 
ard 882:1947, are given in Table 1. 

After making a sieve analysis of the fine and coarse aggregate, their specific 
surfaces can be estimated using Eq. (1) and the above values. An adjustment 
must be made for a variation in shape (see Discussion). 

The percentage fine aggregate content F, (by weight) of specific surface S; 
which must be combined with coarse aggregate of specific surface S, to give a 


required specific surface S, is given by: 


NC al 


The percentage coarse aggregate is 100—F,. 


SELECTION OF SUITABLE AGGREGATE-CEMENT RATIO 


The choice of aggregate-cement ratio is mainly influenced by strength and 
consistency requirements. ‘Though both strength and*consistency are affected 


_by the specific surface of aggregates, provided that the range of specific sur- 


= 


in 
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face is suitably restricted (as in Fig. 1), strength can be considered, for prac- 
tical purposes, as related to the water-cement ratio. Similarly consistency 
ean be ai‘o considered constant for small variations in specific surface. 


Using the compacting factor (CF)* as an index of consistency, it has been 
shown? that: 


CF = — wines . (3) 
“ —~ 1,21P + 0.0005 NS, + 0.0604 N X W/C 
where 
W/C = water-cement ratio by weight 
23 = water-cement ratio by weight for standard consistency as required by B.S. 
, 12:1947 
N = aggregate-cement ratio by weight 
S, = specific surface of the aggregate in sq cm per g 


A variation in S, of = 3 sq em per g in Eq. (3) will produce a variation of 
0.01 in CF, which is within the bounds of reproducibility of a CF test. A 
variation of specific surface of this order could be considered as having little 
effect on consistency. Thus a mean for each zone in Fig. 1 can be used, as 
_ the variation of specific surface (+ 2 sq cm per gfor Zone 1 and + 3.0 sq cm per 
g for Zone 2) within each will not affect consistency significantly. 
i The effect of cement on the consistency of concrete is important and can- 
’ not be explained in terms of P alone. Until more is known, a value of P = 
: 0.280 can be used as this is likely to be on the safe side, i.e., estimated CF 
7 values are likely to be slightly lower than the CF test values, when the cement 


“ 


P value is less than 0.280. However, higher P values should be used if tests 
show that it exceeds 0.280. 


Using P = 0.280 and the mean S, for Zones 1 and 2 (Fig. 1) for the given 
range of N ratios, W/C corresponding to CF = 0.75, 0.85, 0.90, 0.95, and 1.00 
were calculated from: 


Wc = 0389 + 0.0005 NS, 


The above range of CF is generally assumed to correspond to slumps 0-1 in., 
1-2 in., 2-4 in., and 4-8 in., respectively. In Fig. 3, W/C is related to N for 
four zones of consistency both for aggregate of one or no gaps (shown by full 
lines) and for aggregate of two or three gaps (shown by dashed lines). Note 


that. mixes with CF values approaching 1.00 will exhibit a marked tendency 
to segregate. 


or, 


= *In the compacting factor test, concrete is allowed to compact itself by falling under standard conditi Th 
density achieved is expressed as a ratio to the density of th ae = 
Sen 7 Re alate pee dae 6 rat e density o! fe e fully compacted concrete. Thus concrete of greater 


ae 


SPECIFIC SURFACE OF AGGREGATES 899 


PROPORTIONING THE MIX 


Fig. 2 and 3 can be used as follows. A suitable W/C value is selected to 
give a required strength. Depending on the consistency required, an aggre- 
gate-cement ratio is selected from Fig. 3. A specific surface corresponding to 
this aggregate-cement ratio is selected from Fig. 2, allowing for a high or low 
sand content. The fine and coarse aggregate can then be combined as sug- 
gested to give the required specific surface. A trial mix can be made for con- 
firmation. 


From the selected W/C and N values, the cement C (by weight) required 


_ per cubic yard of concrete can be estimated from the following: 


1685 Ga G. (1.00 — Va) 
~ G. [(W/C) Ga + N] + Ga 


average specific gravity of the aggregate 
specific surface of the cement 
V, = air present per unit volume of concrete 


where Gu 


R 
Te 


For materials similar to that of the present investigation, G. and G, can be 
taken as 2.63 and 3.12, respectively. Though V, will vary with V and W/C, 
an average value of 0.015 can be taken. Having determined C,, weight of 
aggregate and water per cubic yard are CN and C (W/C) respectively. 


Fig. 3—Water-cement ratios 
for mixes with aggregates of 
the mean specific surface Se " = t J 


PAR 
HY ASS 


shown in Fig. 2. Four zones of Raat 
: consistency are shown Angregate s Cement Ratio (Bywt) 
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DISCUSSION 


Although the method of proportioning put forward in this paper is restricted 
to the type and maximum aggregate size used by the author, the method 
should have equal application to other types and maximum aggregate sizes. 
Available and additional data should be analyzed with a view to drawing up 
relationships such as those given in Fig. 2 and 3. If this is done, the design of 
concrete will be both rationalized and simplified. 


Problem of determining specific surface 

A disadvantage of the method outlined is the additional test for determining 
the specific surface of the various size groups of an aggregate by the water 
permeability method. However, this should not be unduly troublesome if 
sufficient tests are carried out to classify aggregates from various supplies in 
relation to specific surface. Then the specific surface can be estimated to a 
required degree of accuracy by a simple grading test, and permeability tests 
can be carried out from time to time to check for variation in specific surface 
within any given size group. 

Meanwhile, any method of obtaining an approximation of the specific 
surface of aggregates should be of some value. Young? has used an index 
of grading which he called surface modulus. In obtaining this value he used 
sieves with apertures related as 1:2:4:8: etc. (approximating British sieves 
used in concrete work). Under such conditions the specific surface of spherical 
particles of the various size groups are related as 1:44:14:14: ete. Thus, if the 
spheres are of the same specific gravity and distribution within any given size 
group, S the specific surface of the smallest size group (i.e. between the No. 
100 and No. 200 sieves), and pi, po, ps, etc., the percent weight of six groups 
in the fine aggregate, from smallest to largest, then the specific surface of a com- 
bination of spheres of fine aggregate size is given by: 


S/ Ps. Pa Pet Pa Pee Pe 
S, = — ; = $+ — 4 — 
: z (7 ale toa 4) 


and a combination of spheres of coarse aggregate size (34 in. maximum) is 


given by: 
Ss | P; P, 
S. = ey IE erg tere te ee EO fy (7) 


Loudon’ has tested a few British sands and expressed their angularity as a 
ratio of the specific surface of a size group to the specific surface of spheres 
of a corresponding size group. He found an angularity factor f varying from 
1.1 for rounded sand to 1.6 for crushed basalt. He suggests f = 1.1 for rounded 
sand, f = 1.25 for sand of medium angularity, and f = 1.4 for angular sand. 

Since the specific surface of spheres of mean size between the No. 100 and 


No. 200 sieves is 210 sq cm per g for a specific gravity of 2.65, an estimation of 
S; and S, could be made for S = 210 sq cm per g from Eq. (5) and (6), re- 


th * bt) eee 
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spectively, and multiplying by an appropriate shape factor f. A good estima- 
tion of specific surface can be made for the type of material used in the present 
investigation if f = 1.25 is assumed. Intelligent interpolation of values be- 
tween f = 1.1 and 1.25 in Eq. (5) and (6) as the aggregate gets less angular 
will enable a reasonable estimation of specific surface to be made, and Kq. 2 
can be used to combine the fine and coarse aggregate as required. 
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Predicting 7- to 28-Day Compressive Strength 
Gains of Concrete 


By E. L. HOWARD* and K. K. GRIFFITHST 


Lacking a ‘‘seerstone,”’ the designer must 
rely on his knowledge of the characteristics 
of cement and aggregate and the efficiency 
of the batching plant in proportioning a 
guaranteed strength concrete. With all this 
foreknowledge, providing there are no diffi- 
culties due to sampling and testing methods, 
the designer feels secure in the hope for good 
strengths in 28 days. If 1200 to 1500 psi is 
added to the 7-day test results, a close approx- 
imation of 28-day compressive strength is ob- 
tained. There are times, however, when the 
gain in concrete strengths after 7 days is 
These occasions leave the 
designer helpless with last month’s work 
subject to rejection. 

An example of this problem are the strengths 
of daily concrete samples plotted in Fig. 1. 
The samples were taken from the transit mix 
trucks at the point of delivery. The guar- 
anteed strength of 3500 psi is met until late 
June. At this point the 28-day test cylinders 
fail to gain strength as before, and they fall 
below the guaranteed minimum. Knowledge 
that. something is amiss came too late to 
apply a remedy. The designer needs a device 
that can alert him early enough to take 
preventive action. 

A part of copyrighted JouURNAL OF THE A 
V. 55). Separate prints of the en 
4754, Redford Station, Detroit 19, Mich. 


*Member American Concrete Institute, 
Francisco, Cali 


The purpose of this test program was to 
find a “crystal ball” to predict the strength 
gain. To accomplish this end, 15 trial 
batches of concrete were made using mill 
tested cements and standard commercial 
aggregates. The cement for each batch was 
a composite of mill control samples taken 
during a day’s run (Table 1). Aggregates 
were sampled at a batch plant yard from in- 


TABLE 1—TEST DATA SUMMARY OF 
DAILY COMPOSITE SAMPLES OF CEMENT 
Typical | Maximum | Minimum 

C38 Al 46 37 

CS 30 33 24 

C3A 11.7 14.1 10.2 
CuAF 10.1 10.3 Hit 
Compressive strength, psi 

3 day | 2420 | 2828 9295 

7 day 3347 3686 2931 

28 day | 4256 4655 3745 


coming railroad car shipments. The test data 
on the sand and 34x 14 washed gravel are 
detailed in Table 2. All the materials used 
met the standard specifications for concrete 


materials. 
In the trial batches, a w/c of 634 gal. per 
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| COMPRESSIVE STRENGTHS OF 3500 #8) GUARANTEED CONCRETE 


sack was used for the 6-sack mix with 34 in. 
maximum aggregate. Mixing time after all 
ingredients were batched was 5 min. 


Air determination, Kelly ball readings, unit 
weight checks, and temperature readings were 
made of each batch. From one portion of 
each batch, 4 x 8-in. cylinders were made for 
compression tests to break at 3, 7, 14, and 28 
days. A portion of each batch was wet- 
screened through the 14-in. sieve before cast- 
ing into 4x 8-in. cylinders. This group was 
also broken at 3, 7, 14, and 28 days. From 
each batch, before screening, two 6x 12-in. 
cylinders were cast for a 28-day compression 
test. 


The 15 batches, identical as to proportions 
and w/c, are rated excellent in uniformity 
of control. The within-batch variations are 


3.7 percent for 4 x 8-in. cylinders and 2.4 per- 
cent for 6 x 12-in. cylinders, based on “Rec- 
ommended Practice for Evaluation of Com- 
pression Test Results of Field Concrete (ACT 
214-57).”’ : 


cement per cu yd 

__ jules G% gal per wack 
~)Q992 V4 in marinus 

Cament mill used standard 
Otbawa sand mortars 


PS/- COMPRESSIVE STRENGTH - FSi 
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Fig. 1—Strengths at 7 and 28 

days of samples of a 3500- 

psi guaranteed concrete tak- 

en from the transit mix truck 
at point of delivery 


The average strengths at the several ages 
for the 15 concrete batches are plotted in 
Fig. 2. Note that the —14-in. mortar reaches 
higher strength than concrete. (The —14-in. 
mortar and concrete are from the same batch, 
the one having the +14-in. aggregate re- 
moved before casting in the cylinder molds.) 


Each of the tests (other than strength 
tests) made in this study were considered for 
a measure as a “crystal ball.’’ None of these 


data seemed to have a relationship to strength. 


The earliest age that strength is normally 
measured is in the 3-day mortar test made 
at the cement mill. Data were prepared to 
discover a possible clue to the expected gain 
from 7 to 28 days. No apparent useful rela- 
tionship exists between the 3 to 7 and the 7 to 
28 day increases in strength. 

The efficiency of a batching plant is meas- 
ured by an evaluation of the compression test 
results (ACI 214-57). The designer will find 
15 percent deviation not unusual at the 
efficient batch plant. This study adds some 


Fig. 2—Average strengths at 
several ages for 15 concrete 
batches 
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data as to the part cement may play in the 
variance of concrete strengths on the job. 


TABLE 2—TEST ANALYSIS OF AGGRE- 
GATES SAMPLED AT BATCH PLANT 


Percent passing 
Aggregate size, 
U.S. sieves %x lg Sand 
1 100 
34 96 
% 58 
3% 30 
4 2 99 
8 75 
16 55 
30 40 
50 17 
100 5 
200 1.5 
Specific gravity 2.70 2.67 
Percent absorption 1.3 16: 
Sand equivalent 82 
LAR loss at 500 revolutions 28 


The coefficient of variation determined 
from the cement mill mortar compression 
tests averages 7.4. This is a sizable contribu- 
tion to the control problem on the job. 

We are convinced there is no magic 
formula equal to the task of predicting con- 
crete strengths. Nothing we have found so 
far can replace careful inspection and control 
working in hand with accurate evaluation of 
test results. Two conclusions, certainly not 
all new ideas, can be drawn from this study: 


1. The percentage of strength gain in the 
3 to 7-day period of cement mill mortars 
does not presage the 7 to 28-day strength 
gain in concrete. 

2. Variations in potential strength from 
lot to lot of cement can increase the re- 
quired safety factor for concrete. 


i Some Effects of Carbon Dioxide on Mortars 
and Concrete—Discussion 


By HAROLD H. STEINOUR* 


Steopoe! recently presented a brief dis- 
cussion of the 1956 ACI JourNau paper by 
Leber ‘and Blakey? on effects of carbon diox- 
ide on mortars and concretes. In his dis- 
cussion he calls attention to his early work? 


‘in which he demonstrated that carbon dioxide 


acting on hydrated portland cement forms 
acid-insoluble silica. The present discussion 
offers further comment on that matter, and 
considers also the extent of carbonation that is 
theoretically possible. 

Steopoe’s early paper is of even greater 
interest than he brought out, for he obtained 
his result by exposure of porous specimens of 
hydrated cement to room air. That is, the 
CO. pressure was only that present in the 
atmosphere (about 0.0003 atmosphere in 
rural outdoor air, but sometimes as high as 
0.0012 atmosphere in unventilated rooms). 
‘Thus, except for the fact that he used porous 
specimens (obtained by use of a little calcium 
carbide in the mix), his results are for normal 
exposure. He obtained accelerated attack 


_ owing to the high porosity, but he demon- 


strated that where a surface of hydrated 
portland cement zs exposed to the air the 
carbonation can decompose calcium silicate 
and produce free hydrous silica (that being 
the only siliceous product that would not be 
acid soluble). 


This result may be compared with the 
following statement by Lea.* ‘“The ultimate 
fate of any cement product stored in air is to 
become converted to calcium carbonate and 
hydrated silica, alumina, and ferric oxide, 
since all cement compounds are decomposed 
by carbon dioxide. This action under ordi- 
nary conditions is limited, however, to the 
exposed surfaces of mortars and concretes 
and does not penetrate the inner mass.” 
Similar statements regarding decomposition: 
to hydrated silica, alumina, and ferric oxide 
are also to be found elsewhere in the literature. 
Nowhere, however, has the writer found any 
demonstration (theoretical or experimental) 
that this complete decomposition of the cal- 
cium compounds of hydrated portland ce- 
ment can actually be brought about in the 


*Member American Concrete Institute, Assistant to the Director of Research, Portland Cement Association, 


FA Chicago, Ill. 
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normal atmosphere. Steopoe’s work, how- 
ever, provides experimental demonstration 
relative to production of hydrous silica. 


As to alumina, it is known that when alkali 
aluminates are treated with CO: gas, alumi- 
num hydroxide is precipitated,’ but similar 
data for treatment with ordinary air appear 
to be lacking. It has also been reported that 
calcium ferrite is decomposed by COz gas, 
with formation of red hydrated ferric oxide,® 
but here too the applied pressure of CO: 
greatly exceeded that in the atmosphere. 
Also to be considered is the effect of CO2 on 
calcium sulfoaluminate. 


From the theoretical side, it is definite of 
course that, with the exception of sulfate, all 
calcium compounds in hydrated portland 
cement are salts of weak acids and therefore 
hydrolyze with production of calcium hydrox- 
ide in solution. It is thus to be expected that 
carbon dioxide at any pressure within the 
range which precipitates calcium carbonate in 
the system CaQ-CO.-H,0 will cause some 
decomposition of these calcium compounds. 
The minimum CO, pressure for the CaCO; 
range at ordinary temperature is about 10-' 
atmospheres.’ Since the pressure of CO: in 
outdoor air is 0.0003 atmosphere, some de- 
composition is assured. However, unless it 
were definitely established that there were no 
lower-limed stages between the hydrated 
calcium compounds as they exist in hydrated 
cement and the ultimate stage of conversion 
to the respective free ‘‘acids’’ (i.e., hydrous 
silica, alumina, and ferric oxide) the decom- 
position need not be complete. That is, 
some further evidence is needed to reach 
such a conclusion. Actually, it is known that 
intermediate stages do exist. 


This situation led the writer to seek a 
general criterion by which it might be possible 
to determine from existing data whether such 
complete carbonation of portland cement, as 
Lea’s statement assumes, is theoretically 
possible. 

If a calcium salt of a weak nonvolatile 
acid in the presence of a meager amount of 
water does completely carbonate, there re- 
mains finally only CaCO,, solid acid, and the 
aqueous solution at the existing CO» pressure, 
which may be taken as 0.0003 atmosphere. 
In the solution, the ion activity product 
(Ca++) (OH—)? will have a constant value. 
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This follows from the fact that CaCO; main- 
tains a constant solubility product (Ca++) 
(CO;——), and (CO;——) ean be expressed in 
terms of (OH—)? by use of the over-all acid 
dissociation constant for carbonic acid, the 
pressure of CO:, and the constancy of the ion 
product (H+) (OH—) for water. Established 
constants give the following result at ordinary 
temperature, where P is the pressure of CO: 
in atmospheres: 


Lr Pea eM Fee. 


oI a De a 
(Ca++) (OH—) P 
In this case P is 0.0003, and (Ca++) (OH—)? 
is 2.4 X 10-%. 


Whether a calcium salt such as calcium 
silicate, aluminate, or ferrite completely car- 
bonates depends, therefore, on whether or not 
it establishes a higher value of (Ca++) (OH—)? 
at the point in its own phase system, CaQO- 
acid oxide-H,O, where the solid acid and the 
lowest-limed calcium salt of that system are 
in equilibrium with solution. That it will, 
indeed, establish a definite value is evident by 
analogy with the system CaQ-CO,-H,0. If 
this value is greater that 2.4 X 107 then 
complete decomposition by CO: can occur, 
for even the lowest-limed calcium salt must 
decompose through further formation of 
CaCOs, so that the product (Ca++) (OH—)? 
can reduce to the value 2.4 X 10745) and 
thus attain equilibrium with the COs pressure. 


Such data as are available on the pertinent 
phase systems lend themselves to approxi- 
mate computation of (Ca++) (OH—)? since 
the calcium in solution has usually been de- 
termined analytically, and pH has also some- 
times been determined. Where it has not, a 
safe value of (OH~) can generally be readily 
estimated either because the solution is ob-' 
viously mainly calcium hydroxide or because 
it is safe to assume negligible undissociated 
acid in solution. In the latter case, the (Ca++) 
(OH)? value will be too low, so if found to be 
higher than 2.4 X 10-'5 complete carbonation 
is assured. In other cases, known dissocia- 
tion constants can be brought into the calcu- 
lation. . 


Data for the systems CaQ-SiO,-H,0,’ 
CaO-Al,0;-H,0, and CaO-Al,03-CaSO,-H,029 
indicate that, in ordinary air, carbonation 
can indeed proceed until the silica and alu- 
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mina are completely converted to the hydrous 
oxides. For the system CaQ-Fe.0;-H:20, 
data are meager, but what there are!® sug- 
gest that here too, exposure to ordinary air 
can be expected to produce the acid, ie., 
hydrous ferric oxide. It may seem peculiar 
to think of hydrous alumina and ferric oxide 
as acids, but aluminum hydroxide is dis- 
tinctly amphoteric and ferric oxide is slightly 
so. Both may therefore be regarded as either 
acids or bases, according to circumstances. 


An interesting situation arises with respect 
to the small amount of MgO in cement, which 
is there mainly as the free oxide. At 18 C, 
the lowest COz pressure at which magnesium 
carbonate, MgCO;-3H:.0, precipitates in the 
system MgO-CO.-H:0, has been reported as 
Below that, the hy- 
droxide, Mg(OH)2, precipitates. Since the 
value may not be strictly accurate, and since 
the CO, in the atmosphere varies somewhat 
with local conditions, it is debatable whether 
or not the magnesia will carbonate. Indoors 
it may well do so but outdoors it may not. 


This study!” has indicated that all the CaO 
in portland cement except that assignable to 
CaSO, can probably be converted to CaCOs, 
not only at one atmosphere of CO2 but at the 
much lower concentration of CO: in ordinary 
air. However, the study provides no infor- 
mation as to the extent or depth to which the 
reactions may actually occur in practice. For 
the purpose of the calculations, it was assumed 


‘throughout that free water was present and 


that the solids were freely exposed so that re- 
action could progress as it would if a powder 
were stirred in a laboratory beaker with water 
kept saturated with carbon dioxide at the 
pressure concerned. In good dense concrete 
the reaction would only be superficial, as Lea 
has stated. 


The conclusions regarding the theoretically 
possible degree of combination with carbon 
dioxide may be stated as follows: 

To estimate the carbon dioxide required for 
the theoretically possible total carbonation 
at one atmosphere pressure of COz, compute 


“CO, for conversion of all CaO except that in 


CaSO, to CaCOs:, all MgO to MgCoOs,, all 
Na,O to NaHCO,, and all K20 to KHCO:. 
The factors for computing this CO2 are as 


- follows: ; 
0.785 X (percent CaO — 0.7 X percent SOs) 


1.091 X percent MgO 
1.420 X percent Na2,O 
0.935 X percent K,O 


The carbon dioxide required for carbona- 
tion at the pressure of CO: in ordinary air 
may be somewhat less than as calculated a- 
bove, owing to possible failure of MgO to 
carbonate, and partial formation of Na.CO; 
and K;CO; instead of bicarbonates. A mini- 
mum total can be computed by assigning no 
CO, to MgO and using factors half as large as 
those given above for Na,O and K,0. The 
factor for CaO would remain as above. In all 
cases, the free CO2 or H2CO; in solution can 
be regarded as negligible. 
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Prollems and Practices 


A series relating to ‘‘down-to-earth, every- 
day” concrete problems which attempts to give 
brief answers to the more common (and some- 
times uncommon, too) questions asked about 
concrete design and construction practices. 


To some, the answers will seem simple and 
obvious; others may prove controversial. 


All ACI members are invited to participate— 
either by submitting an inquiry, or even better, 
by telling JOURNAL readers how an intriguing 
problem was solved. It may well be that readers 
will be able to suggest more practical solutions 
than those presented. 


Q. In Eq. (46) on p. 47 of “Specification for 
the Design and Construction of Reinforced Con- 
crete Chimneys (ACI 505-54)” there is the 
difference of two expressions under the radical. 
In cases where f,wis considerably larger than fsry 
the algebraic sum of the two expressions is less 
than zero, making the square root an imaginary 
number. In those cases, we have considered the 
square root to be zero. This not a particularly 
satisfactory solution because then fsocomb t8 
often smaller than the original few, which, at 
least on the windward side, is improbable. 
Would you explain the use of the equation? 


A. The difficulty noted is due to using Eq. 
(46) for conditions where it is not required and 
not applicable. 

Refer to Fig. 25, p. 46, and consider a 
chimney with temperature producing a maxi- 
mum compression f"ery and tension fsry and 
wind load just sufficient to balance the weight 
of the chimney so that there would be no ten- 
sion in the reinforcing due to wind. Now as 
the wind load increases, temperature remain- 
ing constant, the compression due to tempera- 
ture decreases to f" ewmcoms a8 Shown in Fig. 25. 
Let the wind load increase until f”cumcomp 


equals zero. When this condition is exceeded 
it is no longer necessary or proper to use Eq. 
(46) since now feuwcoms equals fsw. This can 
easily be seen from the first steps in the deri- 
vation of Case 4 where the first resultant pi 
few equals the second resultant which, when 
Ff’ cmcoms equals zero, is pt few-comb- 

The value at which f*cw-eoms equals zero is 
easily determined since at this point Keomp 
equals zero. Solving Eq. (45) for keoms equals 
zero we find 


a 


Consequently, for any specific chimney 
design it is a simple matter to determine the 
ratio fee/fsry. If this ratio is less than z/(z 
— k) use Eq. (46) to find fswcoms- Whenever 
few/fsry equals or exceeds z/(z — k) it is un- 
necessary and incorrect to use Eq. (46) since 
Sew-comd equals few. 

In retrospect it would have been desirable 
to have stated this limitation with respect 
to the use of Eq. (46) in the standard. How- 
ever, when the quantity under the radical be- 
comes negative, it is a clear indication that 
this formula no longer applies. You will find 
that the ratio fiw/fsry will equal z2/(z — k) 
before the quantity under the radical becomes 
zero. To treat the value of the radical as 
zero, When it becomes imaginary, is definitely 
incorrect mathematically and in practice 
leads to smaller computed values of femcomd 
than the correct value f,.. It is obvious from 
basic considerations that, on the windward 
side of the chimney, no combination of stresses 
due to temperature with stresses due to wind 
can produce less tension in the vertical rein- 
foreement than the stress due to wind alone. 

E. A. DocksTapErR 


Consulting Engineer 
West Newton, Mass 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Recent highway bridgeworks in Gla- 
morgan, with particular reference to 
prestressed concrete design and con- 
struction 
Epwarp W. Daviss, Proceedings, Institution of Civil 
Engineers (London), V. 7 (Session 1956-57), Aug. 1957, 
pp. 897-900 
Reviewed by Aron L. Mirsky 
Brief extract from author’s paper, dis- 
cussing transverse versus longitudinal bend- 
ing moments, loss of prestress, and vibration 


in prestressed concrete bridges. 


Two recently completed reinforced 
concrete bridges (Zwei nevere Aus- 


fihrungen von Stahlbetonbriicken) 
Herman Bay, Beton- und Stahlbetonbau (Berlin), V. 
52, No. 9, Sept. 1957, pp. 209-222 
Reviewed by Vaupis Lapsins 
Describes two bridges of interesting de- 
sign. One is a continuous, slightly curved 
reinforced concrete bridge, 107 m long and 
supported by round columns, with the long- 
est span of 26 m. The other structure is a 
pedestrian bridge of 12-m rise which arches 
across a 90-m span between arch supports, 


‘with curved ramps extended in both direc- 


tions. 


Thin-slab prestress bridge 
Pacific Road Builder and Engineering Review, MieGl; 


No. 2, Aug. 1958, pp. 8, 10, 50 


Hieuway ReseEaRcH ABSTRACTS 
Nov. 1958 


A prestressed concrete overpass bridge 
designed by the California State Division of 
Highways embodies many innovations. The 
advantages of the slender and symmetrical 
flat slab—only 18 in. thick and 117 ft long 
on the one example already constructed— 


permits bridge designers (a) to reduce the 
cost of approaches, or (b) to lessen the amount 
of roadway excavation necessary to provide 
proper clearance on the main line. Of im- 
portance to highway contractors is the fact 
that these bridges are cast in place, thus 
requiring scaffolding which limits use of the 
design on some projects. 


Two prestressed concrete bridges at 
Lille—The Saint Agnes Bridge and the 
Fives Bridge (Deux Ponts en Béton 
Précontraint—Pont de Sainte Agnés et 
Pont de Fives) 
W. Kern, Construction (Paris), V. 13, Jan. 1958, pp. 
1-11; Feb. 1958, pp. 47-57; Mar. 1959, pp. 83-95 
Reviewed by ALEXANDER M. Turitzin 
These bridges were built over the tracks at 
the approaches to a main railway station as a 
part of the new Paris-Lille highway. It was 
decided to use prestressed concrete which 
permitted use of precast sections. In this way, 
intricate scaffolds over the busy railroad 
tracks, required by cast-in-place concrete, 
were eliminated. Another advantage of using 
prestressed concrete was that a shallower 
deck for the same span and loading condition 
was obtained. 


The Saint Agnes bridge is a five span bridge, 
120 meters long, with two approach spans 17 
meters long and three continuous spans 28, 
35, and 23 meters long located over the main 
tracks. The Fives bridge is a three span con- 
tinuous bridge with spans of 17, 30, and 21 
meters. The two bridges had the same 
features and were designed using Guyon and 
Massonnet methods. The deck was made up 
of longitudinal girders in the form of wide 
flange beams placed side by side and tied to-. 
gether with concrete interstices, thus form- 


A part of copyrighted JoURNAL OF THE American Concrete Institut#, V. 30, No. 8, Feb. 1959, (Proceedings 
V. 55.) Address P.O. Box 4754, Redford Station, Detroit 19, Mich. Where the English title only is given in a 


review, the book or article reviewed is in English. If it is 


followed by a foreign title the work reviewed is in that 


language. In those cases where the foreign title cannot conveniently be set in type or is not available, the language 
of the original article is indicated in parentheses following the English title. Copies of articles or books reviewed 
are not available through ACI. Available addresses of publishers are listed in the June“Current. Reviews’’ each 
year. In most cases ACI can furnish addresses of publications added later. ie P 

For those members who cut apart this section for pasting on cards for card indexes, a limited number of compli- 
mentary reprints of the ‘‘Current Reviews’’ section are available from ACI headquarters on request. 
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ing a two way system of girders incased be- 
tween top and bottom slabs. The longi- 
tudinal and transverse girders were pre- 
stressed with cables made up of 12 strands of 7 
and 5 mm, respectively. 

An interesting feature of the construction, 
was the erection of the central span in the 
three span continuous section. After the 
two end spans were erected, the central span 
was rolled over a temporary steel bridge 
erected over the middle section and lowered 
into final position. Continuity between the 
three precast spans was achieved with pre- 
stressing cables. 

Author gives a sample computation of the 
bridge deck with numerous sketches showing 
typical reinforcing and a schematic erection 
procedure. He concludes with the discussion 
of the difficulties encountered during design 
and construction. 


Design proposals for expressway 
bridge in Berlin (Wettbewerb fier die 
Briicke im Zuge des Nordwestbogens 
des Berliner Schnellstrassenringes) 


Hernz STImvveR and gt ha ag. Beton- und 
Stahlbetonbau (Berlin), V. 53, No. 5, May 1958, pp. 


106-117 
Reviewed by Vaupis Lapsins 


Discusses ten design proposals submitted 
by various firms for the construction of a 
portion of circumferential expressway of 
Berlin, involving 875 m of bridge construction. 


Construction 


Problems in construction of dwelling 
house foundations (in Hebrew) 
J. Evtav, In the Field of Building, Bulletin No. 57, 
Israel Institute of Technology (Haifa), 1958, 14 pp. 
The article deals with practical problems 
arising from small dimensions of house foot- 
ings. The following aspects are discussed: 
continuous footings, pads, and column foot- 
ings. 


St. Rochus Church in Diisseldorf (Die St. 
Rochus-Kirche in Diisseldorf) 
Herricu Scumitz, Beton- und Se atta (Berlin), 


V. 52, No. 5, May 1957, 
peor by Vaupis Lapsins 


New experiment in the construction of a 
unique reinforced concrete church tower and 
dome. The entire church structure basically 
consists of half circles built around a simple 
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triangle. Total height of the structure is 28 
m, with 7.2-m radius for each of the three 
half domes at the base. Design analysis as 
well as construction features are presented 
in the paper. 


Quality tests of materials and their re- 
lation to construction costs (Uber die 
zweckmaessigste Art der Giitepriifung 
und ihren Einfluss auf die Baukosten) 
tg Ruscn, Beton- und Stahlbetonbau (Berlin), 
. 53, No. 3, Mar. 1958, pp. 56-60 
Reviewed by Vatpis Lapsins 
Attempt made to establish specific rela- 
tionship between construction costs and 
quality. No concrete formula is given al- 
though the main aspects of quality control 
are shown clearly. 


Recent industrial buildings in rein- 
forced concrete (Neuzeitliche Indus- 
triebauten in Stahlbeton) 
Hans-Joacuim Evuirz VDI Zeitschrift, (Disseldorf), 
V. 100, No. 22, Aug. 1, 1958, pp. 1064-1068 
‘Reviewed by Aron L. Mirsky 

Industrial buildings which are both func- 
tionally efficient and pleasant in appearance 
are the result of cooperation among process 
engineer, architect, and structural engineer, 
and concrete is being used more and more for 
such structures, particularly since the recent 
development of shell and prestressed types. 
Point is proved with descriptions and illus- 
trations of several textile and plastics 
plants in North Rhine-Westphalia. 


High speed building 
International Civil Engineer and Contractor (London), 
V. 10, No. 5, Sept.-Oct. 1958, pp. 14-16 
Reviewed by F. F. Gautp 

A description of 1l-story apartment 
blocks in Birkenhead, England with load 
bearing concrete wall built using sliding 
formwork. The Swedish “Prometo” system 
was employed to lift the formwork at a rate 
of up to 20 ft per 24 hr. Details of construc- 
tion and placing methods are briefly covered. 


Modern deck construction in the United 
States and in Germany (Neuzeitlicher 
Deckenbau in USA und Deutschland) 
Ww 
ie 0-3) Reb. 1068; pp. 4-80 atthe nitene (Berlin), V. 33, 
Reviewed by Aron L. Mirsxy 
Interesting article describing the many 
recent systems of deck construction developed 


; 


ne 


——s 1. lUme 


es. 


Ce Re Te 


CURRENT REVIEWS 


in this country and in Germany. Most of the 
American systems use concrete fill on steel 
plate-type members which act as both form 
and tension member of the composite deck 
(Corruform, Cellufloor, Q-deck, ef al.); in 
Germany most of the recent systems use 
precast hollow fillers (concrete or ceramic) 
spanning between the truss-type reinforce- 
ment of the cast-in-place joists formed when 
the concrete topping is placed, while several 
other systems use precast reinforced plank, 
hollow or solid, with in-situ topping. 


Construction of circulating-water pump 


\ 


house at Cowes Generating Station, 
Isle of Wight 


Raymonp H. Coates and Lesuiz R, Suave, Proceed- 
ings, Institution of Civil Engineers (London), V. 9. 
(Session 1957-58), Mar. 1958, pp. 217-232 
Reviewed by Aron L. Mirsky 

Investigation after a cofferdam failure re- 
vealed a layer of fissured clay underlain by a 
thin stratum of sand containing water under 
a 35-ft head. Remedy was a concrete slab, 
cast under water and anchored to the under- 
lying rock by prestressed cables. 


Construction Techniques 


Influence of amplitude and frequency 
in the compaction of concrete by table 


vibration 
A, R. Cusens, Magazine of Concrete Research (Lon- 
don), V. 10, No. 29, Aug. 1958, pp. 79-86 
’ AUTHOR’S SUMMARY 
Describes experimental work on the com- 
paction of concrete by table vibration. The 
cases of castings of small depth and those of 
greater depth are separated and guiding 
principles suggested for each. The effects of 
rotational instability and the influence of the 
mold are considered. 


Winter concreting practices (in Russian) 


§. A. Mrronow, Novaja Tekhnika i Peredowoi Opyt w 
Stroitel’stve (Moscow), No. 12, 1957, pp. 6-9 


Reviewed by N. G. ZoupNERS 

Various winter concreting practices in 

USSR and the advantages of the different 
methods used are described. 

The electric heating method, which pro- 


- duces hard concrete in 48 hours even in sub- 


zero weather, is most popular and widely 


used. The thermos method for mass con- 
~~ erete has proved more economical in milder 
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weather conditions. Steam curing is recog- 
nized as the best method for quality con- 
crete, but is economical only near a steam 
generating plant. 

Most recently a widely used practice in 
winter concreting is the addition of some 
antifreeze chemicals (CaCl, NaCl, etc.), 
which keep the cement paste from freezing 
even at temperatures of —20 C. 

The use of high-early-strength and alumin- 
ous cements in severe weather conditions is 
recommended. The best winter building 
practice mentioned in this paper is the in- 
creased use of precast concrete elements in 
construction work. 


Machined finish applied to cellular 


concrete products (in Russian) 
§. S. Levin, Beton i Zhelezobeton (Moscow), Aug. 1958, 
pp. 314-316 

Reviewed by D. WatsTEIN 

Machining in a milling machine was found 
to be one of the most effective methods of 
providing acceptable surface finishes to 
cellular concrete products. More than 70 
such milling machines now operating in the 
Soviet Union are capable of handling slabs or 
panels up to 6.6 ft wide and 11.5 ft long. The 
depth of a cut may be as much as 0.8 in., if 
necessary. 

Cutting edges are spaced around the cir- 
cumference of a mill which rotates about a 
vertical axis, while the work is clamped to an 
advancing table. The spacing of the cutting 
edges and the speed of the work table de- 
termine the “fineness” of the finish, or the 
heights of the ridges left by the passage of the 
cutters. It is said that a surface having 
ridges about 0.01 in. high is quite acceptable 
and that these ridges are not visible at a dis- 
tance of 6 ft. The machining operation is 
flexible and permits varying degrees of 
smoothness. 


Tower-crane, type BK-5-248 (in Russian) 
A. A. Kauurin, Novaja Tekhnika i Peredowoi Opyt w 
Stroitel ’stve (Moscow), No. 7, 1957, pp. 24-25 
Reviewed by N. G. ZoLDNERS 
Detailed description and drawing is given 
of the tower-crane, type BK-5-248, which is 
an improved model of an older version, type 
BK-5-195, and is designed for construction 
work of multistory buildings. 
The crane is delivered to the building site 
with the tower dismantled in sections. It 
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can be set-up in three heights, for buildings 
ranging from three to nine stories. The 
crane moves along the structure on two 
rails, 5 m apart, and has a total weight of 38 
tons at its full height. With the boom in 
horizontal position, a maximum 5-ton load 
ean be lifted and handled into position in a 
radius of 22.7 m. Data on mechanical 
equipment and electrical motors are given 
only in general. 


Introduction to concrete work, An 
H. L. Cuiipe, Concrete Publications, Ltd., London, 
3rd Edition 1947, 126 pp., $0.80 

An introduction to the principles and prac- 
tice of concrete construction written pri- 
marily for students at technical schools in 
Great Britain. It describes in simple lan- 
guage the reasons for careful proportioning, 
the placing of steel in the correct position, 
the purpose of curing, and all other processes 
in the production of good concrete and rein- 
forced concrete. 


Portions of this book might be said to be 
similar to the ACI Concrete Primer and other 
portions similar to ACI Manual of Concrete 
Inspection. 


Dams 


Design and construction of Mauvoisin 
Dam (Le Barrage de Mauvoisin son 
exécution et ses installations de 
chantier) 
M. P. Cotoms, Supplement to Annales de L'Institut 
ane du Batiment et des Travaux Publics (Paris), 
No. 126, June 1958, Series Travaux Publies (51), 
pp. 804-822 

Mauvoisin Dam, located at the bottom of 
a V-shaped gorge on the Rhone river in Swit- 
zerland, measures 777 ft in height, has a re- 
taining capacity of 236 million cu yd, per- 
mitting an annual production of 760 million 
of kwh. For design, the arch dam was re- 
garded as a juxtaposition of vertical walls 


and horizontal arches. Mass concrete, pro- 


portioning of which varied for different parts 
of the dam, was placed in large sections, and 
the heat generated by hydration was com- 
pensated by a refrigerated water circulating 
system running through 217 miles of pipe. 
The work of construction is described in 
detail and includes 1,960,000 cu yd of exca- 
vation and the placing of 2,600,000 cu yd of 
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concrete in 4 years. The solutions of the 
various technical problems which arose in 
connection with materials supplies, setting up 
the job site installation, protection against 
landslides and the human conditions con- 
nected with work at high altitudes are also 
given attention. 


Dam construction in Switzerland (Uber 
den Bau der Talsperren in der Schweiz) 


J. P. Sruckxy, Zement-Kalk-Gips (Wiesbaden), V. 10, 
No. tegen 12, Nov. and Dec. 1957, pp. 453-461 and 
500-50: 


Reviewed by H. H. WERNER 


This is an interesting and up-to-date résumé 
of dam construction in Switzerland, describ- 
ing: design factors; technology of concrete 
aggregates, mixes, curing, etc.; mechaniza- 
tion of site installations and placing of con- 
crete. A new concept of permissible stresses 
and factors of safety is developed, based on 
material selection, industrialized methods, 
constant quality control, and use of big test 
specimens (30 em diameter, 45 em high). 


Analysis of temperature stresses in 
ring shaped girders supporting tanks 
with warm liquids (in Rumanian) 
Ernar Keintzex, Revista Constructiilor si a Materiale- 
i ge Constructii (Bucharest), V. 10, No. 1, 1958, pp. 
. Reviewed by J. J. PouivKa 
Structural analysis of circular girders with 
constant and variable cross section, to be 
used also for concrete bins. 


Iteration method of analyzing con- 
tinuous beams and frames with un- 
displaced joints (in German) 
M. Tovorow, Bautechnik (Berlin), V. 35, No. 1, Jan. 
1958, pp. 21-22 
Reviewed by J. J. PotivKa 

New type of moment distribution method of 
continuous beams without elastic supports 
and frames without lateral swaying is pre- 
sented and clarified by numerical examples. 
Although theoretically correct, this and all 
similar methods using the principle of mo- 
ment distribution have the disadvantage of 
less accuracy which depends on the number of 
iterations. Prime disadvantage of these 
methods can be expressed by two facts: (1) 
Accuracy of the results can be checked only 
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multiple, as in seismic occurences. 
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after all calculations are completed. If 
errors are found, the whole analysis must be 


repeated from the beginning... (2) These 


types of structures are usually designed for 
several most unfavorable loading conditions, 
and the calculations of all moment distribu- 
tion methods (structural analysis) must be re- 
peated for every different loading. Other 
methods of analysis can be checked at each 
stage of calculation, and basic factors of 
analysis are determined right at the be- 
ginning and are valid for any type of loading. 


Analysis of temperature stresses in 
ring-shaped girders supporting tanks 
with warm liquids (in Rumanian) 
Ernar Keintze1, Revista Constructtilor st a Material- 
econ Constructii (Bucharest), V. 10, No. 1, 1958, pp. 
aes Reviewed by J. J. PourvKa 
Structural analysis of circular girders with 
constant and variable cross section. Also 
adaptable to concrete bins. 


Carrying capacity of materials sub- 
jected to nonmultiple repeated load- 
ings (in Russian) 
I. L. Korcuinsxu, Bulletin Stroitelnoi Tekhniki 
(Moscow), V. 15, No. 3, Mar. 1958, pp. 19-22 
Reviewed by Hersert E. Kuse 
_ Brief article presents mathematical deriva- 
tions for stress computation for several build- 
ing materials in case of dynamic loading 
particularly when those loadings are non- 
Suggests 
use of coefficient for different kinds of building 
materials, and gives their values for steel, 
reinforced concrete, and wood structures. 


A structural simulator—for static an- 


alyses 
Freperick L. Rypr, Consulting Engineer, V. 10, No. 
6, June 1958, pp. 84-90 

Reviewed by Aron L. Mirsky 

Advantages of structural simulators, as 
compared to conventional analog computers, 
are stressed. Principles of the simulator are 
discussed and applied to various types of 
members and structures. A demonstration 
apparatus is briefly described. 

Paper merits reading. A companion paper, 
giving data on time needed for setting up and 
solving several actual problems, by both 
experienced and inexperienced personnel, 


would be of interest and value. 
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Circular plates of reinforced concrete 
(in Dutch) 
J. WitTEvEEN, Polytechnisch Tijdschrift (The Hague), 
V. 13, No. 31-32, July 31, 1958, pp. 559-561 
Reviewed by Joun B, SNETHLAGE 

The author develops practical formulas and 
graphs for bending moments in circular 
plates for various kinds of annular support. 


Moments at the center of elastic plates 
due to uniformly distributed loads 
D. Zuoxovic, Nese Gradevinarstvo (Belgrade), V. 12, 
No. 1, Jan. 1958, pp. 34-40 
Reviewed by J. J. PoutvKa 

Presented analysis and tabulated values 
refer especially to reinforced concrete slabs of 
rectangular shape freely supported at the 
periphery and restrained along various edges, 
considering load concentration at the center. 


Plastic design in reinforced concrete 
W. T. Marswatu, The Structural Engineer (London), 
V. 35, No. 7, July 1957, pp. 243-251 
Reviewed by C. P. Srzss 

Presents elementary discussion of plastic 
design and methods of calculating ultimate 
strengths and permissible hinge rotations, 
and gives design examples for simply sup- 
ported beams, columns, continuous beams, 
and portal frames. Reviews test data on 
continuous beams, portal frames, and arches 
as vertfication of plastic theory. 


Composite construction in steel and 
concrete: for bridges and buildings 
Ivan M. Visst, R. 8S. Founrarn, and R. C. Srveur- 
ton, McGraw-Hill Book Co., Inc., New York, 1958, 
192 pp., $7.50 

Explaining composite construction, this 
manual develops design equations and pro- 
cedures and describes methods of connecting 
slabs to beams. It presents tables and charts 
for preliminary designs. Because composite 
bridges are more common than composite 
construction for buildings, more emphasis 
is placed on bridge design. 

For the designer not experienced in com- 
posite design it contains explanations of the 
basic principles and several design examples. 
The reader is, however, assumed to be 
familiar with ordinary design of concrete 
slabs and steel beams.. 

Methods are given for selecting the cross 
section of a composite beam. Two design 


‘methods are presented—one limited to beams 
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with rolled steel sections and the other 
applicable not only to these beams but also 
to rolled steel sections with cover plates and 
to built-up plate girders. A rapid method 
for the design of composite beams is presented 
in detail and illustrated by six examples. 
Special problems are covered, such as the 
determination of the length of cover plates, 
design of continuous beams, and computation 
of deflections. Design methods are presented 
for the three most commonly used shear con- 
nectors: studs, flexible channels, and spirals. 


Successive approximations applied to 
the design of walls of circular rein- 
oe concrete tanks 

R. J. Mtprscu, cers Institution of Engineers, 
tag evens) V. . 30, No. 10-11, Oct.-Nov. 1958, 
pp. 299- 

AvutTHoR's SUMMARY 

The method of tank wall analysis demon- 
strated gives a safe solution for all foundation 
types insofar as they affect the lateral de- 
flection at the base of the wall. The method 
takes into account all major variables and the 
solution permits controlled cracking. 


The arithmetic involved is a disadvantage 
of the method. It should, however, be 
possible to build up families of curves from 
which the wall dimensions and reinforcement 
could be selected for any particular tank. 
Such standardization would require the 
analysis of a large number of tanks in which 
the capacity and h/d are varied independently. 


Results of tests and theory of calcula- 
tions of rigid self-supporting vaults 
(Résultats d’essais et théorie de calcul 
des voutes autoportantes rigides) 


A cog ay Supplement to Annales de l'Institut Tech- 
mas du Batiment et des Travaux Publics (Paris), No. 
Feb. 1958, pp. 142-177 


Reviewed by EpMunp A. Prarr 

This paper reviews briefly the historical 
aspects of reinforced concrete arched vault- 
ing and discusses the materials employed and 
the design hypotheses. A general discussion 
on the design calculations of self-supporting 
rigid vaults follows. Parabolic arch rings and 
parabolic vaults are considered, and the 
various solutions are compared. The author's 
method of calculation is presented. The paper 
describes a load test on a scale model (appro- 
ximately 1/5 size) of arched vaulting sup- 
porting a suspended floor system with un- 
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symmetrical loading. Results of the test are 
discussed in detail. Test results verify the 
author’s method as applied to transversely 
rigid self-supporting vaults. 


Design criteria for embedment of piers 
E. Czern1ak, Consulting Engineer, V. 10, No. 3, Mar. 


1958, . 90-95 
cies Reviewed by Aron L. Mirsky 


Presents formulas and design charts for 
embedment, shear, and moments in piers 
(drilled piles). Worked examples are in- 
cluded. Material will be of considerable use 
to practicing engineers. 


Prestressing analysis of closed rein- 
forced concrete water reservoirs (Zur 
Berechnung der Vorspannung gesch- 
lossener Kreiszylinderschalen im Stahl- 
beton-Behalterbau) 
Karu BUYER, Beton- und Stahlbetonbdbau (Berlin), V. 
52, No. 5. . May 1957, pp. 104-111 
Rev soon by Vaupis Lapsins 

Analysis and basic design principles of 
prestressing of closed tanks under symmetrical 
loading presented with practical design 
examples and application in the field. 


Determination of fixed-end moments 
for prismatic members 
J. C. StTREDMAN, owe and Constructional Engi- 
neering (London), V . 53, No. 9, Sept. 1958, pp. 321-326 
Charts are given for the determination of 
fixed-end moments caused by partial uniform 
or triangular loads. Moments are given in the 
form of a coefficient times span times total 
load on the span. Values for most combina- 
tions of loads can be obtained by super- 
position and the position of a partial uniform 
or triangular load which causes the greatest 
possible fixing moment can also be obtained. 


Design of reinforced concrete 


Cart Forsse.u, Mec icp Royal Institute of Tech- 
nology, Stockholm, No. 117 957 


Hoviewed % by Maraaret Corsin 


Pamphlet presents charts for the design of 
reinforced concrete sections subjected to 
bending based on the ultimate strength 
theory. The analytical results were verified 
in tests of 22 beams with 0.4 to 3.4 percent 
reinforcement and a concrete cube strength 
from 125 to 400 kg/sq cm. Close agreement 
was established between theoretical and ex- 
perimental results. 
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Materials 


Rubber waterstops 


P. L. CritcHe tu, International Civil Engineer and 
Contractor (London), V. 10 No. 5 Sept.-Oct. 1958, pp. 


20>, 


Reviewed by F. F. GauLp 
A brief account of strength and aging tests 
carried out in France on 9-in. and 6-in. dumb- 
bell type rubber waterstops only. Water 
pressure tests are noted but are noncyclic 
with no note of leakage. 


"Determination of the specific gravity of 


building materials (Die Bestimmung 
der Reinwichte von Baustoffen) 
K. Wescue and J. Stepatu, Zement-Kalk-Gips (Wies- 
baden), V. 10, No. 10, Oct. 1957, pp. 418-421 
AUTHOR’S SUMMARY 
A gravimetric method for determining 
specific gravity of building materials is de- 
scribed which is characterized by its high 
degree of accuracy and the small amount of 
time required. The method is particularly 
suitable in cases where series of determinations 
have to be carried out as, for instance, fre- 
quently occurs in the investigation of ce- 
ments and concretes. 


Expansive cements (in Japanese) 
Taro TANAKA and YosHIKA WATANABE, Semento 
Gijutsu Nenpo, V. 8, 1954, pp. 192-202 
Crramic ABSTRACTS 
Oct. 1958 (Y. Suzukawa) 


’ To determine the mixing proportions of a 
commercial expansive cement, centrifugal 
separation was made with liquids of high 
specific gravity at 3000 rpm. The results 
indicate that the expansive cement consists of 
65 parts (by weight) portland cement, sulfo- 
aluminate clinker 25 parts, and 10 parts 
blast furnace slag of (CaO + Al,Os + MgO)/ 
SiO. = 2.11. Sulfoaluminate clinkers were 
prepared by burning mixtures of natural 
gypsum, bauxite, limestone, and pyrite 
cinder at 1300 to 1350 C. The effects of the 
chemical compositions of the sulfoaluminate 
clinkers prepared on the linear expansion of 
neat cement paste were tested. Expansive 


~ cements were prepared by mixing commercial 


portland cement 70 parts; commercial or 
synthetic slag 10 parts, and the sulfoalalumi- 
nate clinker 20 parts by weight. Compressive 
strength and linear expansion of the expansive 


“cements prepared are shown. 
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Presetting cracks in fluid concrete 


F. D. Bernsrorp and E. N. Marrison, Constructional 
eee (Sydney), V. 31, No. 9, Sept. 1958, pp. 23-26, 


Reports a limited investigation of plastic 
shrinkage of laboratory-mixed concretes of 
high workability containing one brand of 
Australian cement. Cracking -over rein- 
forcement was found to be correlated with 
the form of the settlement curve and could 
be predicted from settlement rate, total time 
of settlement, and depth of reinforcement. 

Rapid drying conditions resulted in more 
severe cracking. A higher proportion of 
coarse aggregate, a nonionic air entraining 
agent, tended to reduce cracks over reinforce- 
ment. 


Alkali Content of Danish Cements; 
A new Danish alkali-resistant cement; 
Methods for the determination of alka- 
lies in aggregate and concrete 

Erik V. Meyer (Reports 1 and 2); J. ANDERSEN and 
L. Dirtevsen (Report 3); Progress Report No. F 1, 2, 
and 3; Committee on Alkali Reactions in Concrete, 
Danish National Institute of Building Research and 
Academy of Technical Sciences, Copenhagen, 1958, 
21 pp., 12 D. kr. (25 percent discount may be obtained 
by ordering the whole series) 

Three more reports in the continuing series 
issued by the Committee on Alkali Reactions 
in Concrete. The first paper presents data 
on the alkali contents in Danish cements; 
the second paper describes the new Danish 
low alkali cement. It is of interest to note 
that this cement is not only low in alkali 
content but also contains pozzolan for general 
prevention of alkali reactions. The third 
paper describes methods used in the lab- 
oratory for determination of alkalies in aggre- 


gates and concrete. 


Quantitative spectroscopic determina- 
tion of the principal components of 
minerals in the cement industry (Die 
quantitative spektro-chemische Bes- 
timmung der Hauptkomponenten von 
Mineralien der Zementindustrie) 


V. R. Prrunper and H. SCHWANDER, Zement-Kalk- 
Gips (Wiesbaden), V. 10, No. 10, Oct. 1957, pp. 394- 
398 


AUTHOR’s SUMMARY 


A method has been developed which per- _ 


mits the principal components of the cement 
raw materials and of the cement elinker to be 
determined quantitatively by relatively 
simple spectrum analysis. It is shown that 
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the results are equivalent to those by the 
gravimetric method and have a lower stan- 
dard deviation. Only one spectroscopic 
exposure is required for the determination 
of CaO, SiOz, FesO;, and Al,O;. The time 
taken up by a complete analysis is about 2 hr. 


Hydraulic cement for water tanks and 
pipe lines 
W. C. Hansen, ASTM Bulletin, No. 232, Sept. 1958, 
pp. 51-54 ‘ 
AvTHuor’s SUMMARY 

Studies were made with mortars of three 
samples of Type I portland cement and three 
samples of Type IS portland-blast-furnace 
slag cement to demonstrate the rates at which 
CaO, Na.O, and K.O would be leached from 
water-carrying pipe lines and water tanks 
lined with concrete made with these cements. 
The results of the study show a slight su- 
periority for Type IS cement over Type I 
cement for this type of service. 


Staining of concrete by pyrite 


H. G. Mmaury, Magazine of Concrete Research (Lon- 
don), V. 10, No. 29, Aug. 1958, pp. 75-78 


AvutTHoR’s SUMMARY 
Concretes and mortars made with some 
Thames River gravels have, in recent years, 
been suffering from brown staining. This has 
been traced to the mineral pyrite, FeSs. Not 
all specimens of the mineral are reactive 
and it is possible to distinguish between the 
reactive and unreactive by a simple test. 
On immersion of the suspect pebble or grain 
in lime water, the reactive forms will produce 
a brown precipitate within a few minutes 
while the unreactive form is stable. 


Effects of the properties of coarse ag- 
gregates on the workability of con- 
crete 


M. IF’. Karwan, mregusene of Concrete Research (Lon- 
don), V. 10, No, 29, Aug. 1958, pp. 63-74 


Avutnor's SUMMARY 
Thirteen coarse aggregates were investi- 
gated to determine the effects of their shape, 
surface texture, and water absorptive ca- 
pacity on the workability of conerete. An 
attempt has also been made to assess these 
effects quantitatively. 
The main conclusions were: 
1. Changes in the angularity of coarse 
aggregates have a greater effect on the work- 
ability of concrete than changes in the 
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flakiness of the aggregates. Increased an- 
gularity and/or flakiness leads to a reduction 
in the workability of concrete. 

2. Although there was a wide variation in 
the surface textures of the aggregates, no 
correlation was found between this property 
and the workability of concrete. 

3. The differences in absorption capacity 
were insufficient to produce _ significant 
changes in the compacting factor. No cor- 
relation was, therefore, found between this 
property and concrete workability. This 
does not rule out the possibility that highly 
porous aggregates when used dry will affect 
the workability of concrete. 


Determination of pozzolanic activity 
of fly ash through a weathering test 
(in French) 

J. Y. Karprnsxt, Reoue des Matériaux de Construction 


et de Travaux Publics (Paris), No. 510, Mar. 1958, pp. 
63-73 


Reviewed by Purure L. MELVILLE 


Standard test specimens were made and 
wet cured with a constant W/C to determine 
the optimum amount of pozzolan (in form of 
fly ash). In a second series of tests, the 
optimum amount of pozzolan was used and 
the mixing water varied. Results are evalu- 
ated from the weight changes after cycles of 
wetting (in sodium sulfate solution) and air 
drying. 


Contribution to the study of the volume 
stability of cements (Beitrag zum 
Studium der Volumenbestandigkeit der 
Zemente) 


G. Goaat, Zement-Kalk-Gi Wiesbaden), V. 11, fe 
9, Sept. 1958, pp. 383-392 ad y: ss 


Reviewed by H. H. Werner 
Expansion phenomena occurring in auto- 
clave tests are investigated and found to be 
attributable to: (a) the potential C3A con- 
tent; (b) the behavior of clinker in cooling, 
i.e., vitreous or crystalline; and (c) the fine- 
ness of the clinker. 
Furthermore, a marked difference between 
results of autoclave tests and prolonged stor- 
age in water was observed. Autoclave tests 


“appear to be reliable only where fairly large — 


amounts of free lime and MgO are involved, 
but do not seem to provide a sound criteria 
for normal cements if a long-term estimate 
of their volume stability is required. 
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Alkali reactions in concrete aggregates 
(in German) 


'R. A. J. Bosscuarr, Zement-Kalk Gips (Wiesbaden), 


V. 11, No. 3, 1958, pp. 100-108 
Crramic ABSTRACTS 
Oct. 1958 (M. Hartenheim) 

An investigation of cracked concrete units 
in Holland showed that cracks occurred only 
on wetting the concrete. The cracks were 
therefore attributed not to shrinkage but to 
swelling. The cause was traced to the reac- 
tion of the reactive silica of the aggregates 
with the alkali of the cement. The gravels 
used contain flint, which may be a form of 
silica sensitive to alkali. The best method 
of preventing expansion is to add finely 
ground reactive silica; the use of a cement 
with a low alkali content does not solve the 
problem. A slight alkali reaction need not 
be harmful and may even compensate for the 
shrinkage of the cement. 


Chemical reactions involved in the 
hardening of cement (Die chemischen 
Reactionen bei der Zementerhartung) 
H. zur Srrassen, Zement-Kalk-Gips (Wiesbaden), V. 
11, No. 4, Apr. 1958, pp. 137-143 
Reviewed by H. H. WrrRNER 
Describes an investigation regarding the 
formation of complex hydrates which simul- 
taneously contain lime, alumina, and silica or 
alternatively lime, alumina, iron oxide, and 
silica. Production was possible only of 


_ “sehlenite hydrate’ and mixed crystal series 


of “hydrogarnets,’”’ but not the compounds 
C.ASH,; and C,AS;Hs3. It was found that a 
terminal member of the hydrogarnets, C3FH., 
does not exist. 

Formation conditions and behavior of these 
hydrates are investigated and inferences 
drawn regarding the resistance of binding 
agents to attack by sulfate solutions. 


Mortars for cold weather work (in Rus- 


sian) © 
D. M. Levanow, Novaja Tekhnika i Peredowot Opyt w 
Stroitel’stve (Moscow), No. 9, 1957, pp. 1-4 
Reviewed by N. G. ZoLDNERS 
Brick buildings in the USSR are usually 
finished by exterior mortar rendering. Pro- 
tection of plastering work in winter by 
speeding up the mortar setting time is dis- 
cussed. Conventional methods such as use 


of high-early-strength cements, the reduction 


On 


of W/C, the use of fatter mixtures, heating 
of the mortar ingredients, use of finely ground 
unhydrated lime, or the addition of chemical 
accelerators might not be effective enough. 


A highly efficient accelerator for cold 
weather plastering work is mixed cement. 
Addition of up to 30 percent of aluminous 
cement to the standard portland cement pro- 
duces an effective binder, which permits the 
use of cement mortars at near-freezing tem- 
peratures. The right proportion of the mix- 
ture has to be determined separately in each 
case for different cements and air tempera- 
tures. If sufficient control is available on 
the job site a desired fast set and rapid hard- 
ening of mortar can be achieved. 


Pavements 


Design of concrete roads in some 
European countries 

F. N. Sparkes, Roads and Road Construction (London), 
V. 36, No. 426, June 1958, pp. 175-184 

A summary of practices in Belgium, Den- 
mark, France, Germany, Great Britain, 
Netherlands, and Sweden. The summary 
covers bases, concrete slab design, concrete, 
and joint spacing. 

The summary shows the widely different 
views held on many features of design. For 
example, the spacing of expansion joints 
varied between 10 and 80 m; in some areas, 
expansion joints were dispensed with alto- 
gether. Other differences included the spac- 
ing of contraction joints, amount of rein- 
forcement, nature and thickness of the base, 
mix proportions and workability of concrete, 
methods of construction, and design of joints. 


Incipient coefficients as criteria of 
pavement grip (Kraftschlussbeiwerte 
als Kennzeichen der Strassengriffig- 
keit) 
Kart Crocr and Hermann Scumirz, VDI Zeitschrift 
(Diisseldorf), V. 100, No. 7, Mar. 1, 1958, pp. 280-285 
Reviewed by Aron L. Mirsky 
Discussion of methods and results of 
measurements of slipperiness and skid re- 
sistance of various pavements. * 


*For a recent usage of the term “‘incipient coefficient” 
see ‘‘Measurement of Pavement Skidding Resistance 
by Means of a Simple 2-Wheel Trailer,” P. C. Skeels, 
Bulletin No. 186, Highway Research Board, Sept. 1958 , 
pp. 35-45. 
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Reinforcement in continuous concrete 


pavements 
Vepar A. Yeruict, Proceedings, ASCE, V. 84, HW 3, 
Oct. 1958, pp. 1799-1-1799-8 
AuTHor's SUMMARY 

Presents a reinforcement design procedure 
for continuously reinforced concrete highway 
pavements. On selection of a maximum 
permissible crack width, a section of the slab 
between cracks is analyzed to satisfy the 
static equilibrium and the assumed geometric 
condition that the slab length does not 
change. Formulas are derived for necessary 
crack spacing and optimum steel area and 
perimeter. 


Experimental prestressed concrete 
highway project in Pittsburgh 
Ben Moreett, Joun J. Murray, and Joun E. — 
ZERLING, Proceedings, Highway ‘Research Board, 
37, 1958, pp. 150-193 

Describes construction of 530-ft experi- 
mental prestressed concrete pavement, 5 in. 
thick, at Pittsburgh. Gap jacking at the 
center of the slab was used; a frame held the 
gap open while it was being concreted. A 
special laminated steel and rubber expansion 
joint rests on a long, flexible sill. Limited 
static and moving load tests are reported. 

Authors conclude that longitudinally rein- 
forced prestressed concrete highway pave- 
ment is practical and structurally sound. 
Application of mass production techniques 
should make it competitive with reinforced 
concrete pavements. Joint system used 
appears promising. 


Pavement performance—methods for 
evaluation 
Bulletin No. 187, Highway Research Board, Sept. 
1958, 78 pp., $1.60 

The several papers and discussions pub- 
lished in this bulletin bring together much 
of the information that is known about 
identifying and explaining all kinds of de- 
fects and failures in paved highways. 

“Types and Causes of Failure” gives charts 
outlining classification of failures for bitu- 
minous road surfaces and for portland cement 
concrete pavements. Excellent photographs 
aid in describing various kinds and stages of 
pavement distress. ’ 

The second paper deals with warning signs 
of distress in airport pavements as viewed 
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by the U. 8. Civil Aeronautics Administra- 
tion. It tells of investigations that showed 
relationships of service behavior to the 
theoretical concepts in design of the pave- 
ments and to the results of accelerated 
traffic tests. 

A paper from the Corps of Engineers re- 
ports on some historic investigations that 
included evaluation of rigid pavement per- 
formance and failure criteria for flexible 
pavements. 

From the Bureau of Public Roads, a paper 
summarizes briefly what was learned about a 
9 year old concrete pavement by subjecting 
it to controlled full legal truck operations. 

Appropriate elements for rating a pave- 
ment are discussed in another paper and the 
last paper describes the methods and some 
of the results of a pavement performance in- 
ventory in Michigan. 


Prestressed Concrete 


Is prestressed concrete really more ex- 
pensive than the classical reinforced 
concrete? (in Croatian-Serbian) 


E. Bateac, Nase ee ce (Belgrade), . 
Part 1, No. 2, Feb. 1958, 40-48; Part 2, ‘we 3, 
Mier: 1958, pp. 61-71; Part 3. No. 4, Apr. 1958, pp. 84- 


Reviewed by J. J. PotrvKa 


On the basis of thorough calculations and 
investigations of costs of various systems and 
construction methods it is proved that even 
in Yugoslavia, still lacking in recent equip- 
ment and under consideration of expensive 
high-tensile steel, the costs of typical pre- 
stressed concrete structural members are 8- 
24 percent less than such in ordinary con- 
crete, which saving increases close to 50 per- 
cent for girders spanning over 40 m (130 ft) 
Investigations are made for various cross 
sections, as of rectangular, T-, and I- shapes. 
Various methods of prestressing are also 
considered. 


Prestressed concrete water tower in 
Orebro, Sweden 
Gor toe ee ee Civil Engineering, V. 28, No. 10, 
Prestressed concrete water tower com- 
bines elegance with utility. Total height 
above foundation is 223 ft and maximum 
diameter is about 150 ft. The reservoir, 
with a capacity of 2,400,000 gal., is sup- 
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ported by a cylindrical stem. The outer 
reservoir wall, which is prestressed horizon- 
tally, is conical with a slope of 1 vertical to 
1.5 horizontal. The outer surface is polygonal 
with 32 faces. 


Scaffolding for the reservoir was a major 
construction problem because of its height 
and shape. The contractor avoided tall 
scaffolding and facilitated placing of the con- 
crete by constructing the reservoir on the 
ground. After it had been cast, prestressed, 
tested, and painted, the reservoir was lifted 

_ to its final position 115 ft above the ground by 
hydraulic jacks. The cylindrical stem was 
cast simultaneously with the lifting process 
using sliding forms. 

Lifting was terminated in such a way that 
the reservoir can be raised further in the 
future if required. Altogether a rather unique 
structure where some unusual construction 
and prestressing techniques were used. 


PCI standards for prestressed concrete 
plants (tentative) 
PCI Pruanr StTanparRDs ComMITTEE, Journal, Pre- 
stressed Concrete Institute, V. 3, No. 2, Sept. 1958, pp. 
36-45 

The objective of these regulations is to 
establish a minimum standard for prestressed 
precast concrete manufacturing plants. The 
standard covers materials used, plant equip- 
ment, personnel, and central casting yard 
manufacturing techniques. 


Prestressed concrete water tower at 
Orebro, Sweden (Chateau d’Eau a 
Orebro, Suede) 
M. Kurt Eriksson, Construction (Paris), V. 13, No. 5, 
May 1958, pp. 145-148 
Reviewed by ALexanpER M. TuRITZIN 
The form of a morning glory with a long 
cylindrical stem was chosen for a 9000 cu m 
capacity water tower, built in the center of 
the city. Because of its large capacity, and 
height of about 50 m above ground, the 
project of building a conventional reservoir 
supported on cylindrical wall or posts was 
abandoned. Prestressed concrete made it 
possible to design a slender structure with 
a stem of 10.5 m in diameter topped by a 
reservoir of a maximum diameter of 46 
m. The thickness of the reservoir walls 
varied from 3 cm at the top to 6 cm at the 
bottom. It was prestressed with cables of 
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twelve 7 mm strands with an elastic limit of 
125 kg per sq mm and a breaking point of 150 
kg per sq mm. In figuring the loss of pre- 
stress, German specifications DIN 4227 was 
used. The Freyssinet method of prestressing 
was employed. 


A restaurant, and a radio and television 
room were built on top the reservoir with an 
elevator shaft running inside the cylindrical 
stem. The bottom of the stem was set in 
rock about 10 m below ground where utility 
rooms are located. 


To avoid a possible loss of water, it was de- 
cided to cast the slender reservoir walls with- 
out joints in a single operation using a slow 
setting cement. Also to minimize the for- 
mation of cracks through the deformation of 
forms placed on high scaffolds, it was de- 
cided to cast the reservoir on the ground. 
It was gradually raised by jacks to its final 
position during the casting of the cylindrical 
stem. It was found that prestressed conerete 
permitted the creation of a new slender form 
of concrete water tower at a cost not higher 
than that of conventional construction. 


Tests of steel for prestressed concrete 
(Résultats d’une série d’expériences 
sur aciers pour beton precontraint) 
Franco Levi, Proceedings, Second Congress of Féd- 
ération Internationale de la Précontrainte, Amster- 
dam, 1958 (published 1958), pp. 137-155 

A résumé of the results of tests on high 
tensile steel for prestressing. The main re- 
sults refer to the characteristics of the stress- 
strain diagram, relaxation, brittleness, and 
fatigue resistance. 


Failure of simply supported pre- 
stressed beams: role of grout and an- 
chorage in behavior at failure (Essais 
de rupture de poutres précontraintes 
isostatiques: réle de I’injection et des 
ancrages dans le comportement 4 la 


rupture) 
Uco Rossetti, Proceedings, Second Congress of Féd- 
ération Internationale de la Précontrainte, Amster- 
dam, 1955, (published 1958), pp. 40-52 

Reports a series of tests on simply sup- 
ported prestressed beams of different types. 
Experimental results-are compared with 
values calculated according to methods pro- 
posed by various authors. The effect on the 
value of the ultimate moment was determined 
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for the following factors: inside or outside 
fixing of cables; bonded or unbonded inside 
cables; outside cables fastened to the inside by 
means of stirrups or merely coated with 
mortar; and monolithic or precast unit con- 
struction. 


Properties of Concrete 


Electronics determines cement setting 
time 
J. M. Tosto, Electronics, V. 31, No. 41, Oct. 10, 1958, 
Rad Reviewed by Aron L. Mirsky 
Describes simple test wherein sample of 
cement paste is inserted in a cylindrical (cell 
tube) capacitor, where it functions as a dia- 
lectric. Admittance of sample is measured 
and recorded every 15 min (continuously, if 
automatic recording is used); maximum read- 
ing corresponds to end of setting process. 
Close correlation is shown between results of 
this test and standard Vicat needle or 
mechanical (energy used in cutting groove 
in paste) tests. Electronic equipment is 
described. 


Creep of concrete 

Torsen C. Hansen, Bulletin No. 33, Swedish Cement 

and Concrete Research Institute at the Royal In- 

stitute of Technology, Stockholm, 1958, 48 pp. 
Autuor's SUMMARY 

A critical discussion on some important 
problems concerning the creep of concrete, 
and presentation of a new aspect of creep and 
the interpretation of creep tests. 

The first chapter deals with the definition 
of creep and the usual method of measuring 
creep. It is concluded that the most common 
method of measuring creep, where shrinkage 
is taken into account by measuring simul- 
taneous shrinkage of unloaded companion 
specimens, cannot always be used successfully. 

In the second chapter various theories of 
creep and shrinkage are critically reviewed. 
It is concluded that either the shrinkage or the 
moisture diffusion has a severe influence on 
the capacity for creep of concrete. 

The concept of “basic creep” is introduced 
in chapter three. Basic creep is defined as 
creep when no moisture diffusion takes place 
in the concrete while loaded. It is asserted 
that any empirical connection between basic 
creep and the different factors that influence 
creep can be directly analyzed in a theoretical 
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way, by means of volumetrical or rheological 
considerations, since the results obtained from 
experiments have not been distorted by the 
different effects of drying or wetting on the 
various concretes. 

In chapter four it is established that con- 
crete at normal working load is fluid visco- 
elastic. On this assumption a formula re- 
lating the modulus of elasticity of concrete 
to the modulus of elasticity of the components 
has been set forth. This formula is in good 
agreement with experimental results. 

It is shown that the principal of superposi- 
tion of time effects is valid for concrete. 

Finally, it is stated that the long-time 
deformation of a fluid viscoelastic material 
like concrete has no theoretical limit value 
with time. 

In chapter five a short explanation of the 
mechanism of creep in concrete is given. A 
theoretical formula is derived relating creep 
to the volume concentration of cement paste 
in concrete and to the water-cement ratio by 
solid volume. It is shown that this formula 
is in agreement in the main with experimental 
results. 

In connection with chapter five, a rheologi- 
cal model of concrete based on theoretical 
considerations is suggested. Experiments 
have shown that the behavior of this model 
is in good agreement with the rheological 
behavior of concrete. 


Evaluation of alkali reactions in con- 
crete by the chemical test 

K, E. Havtunp Curistensen, Progress Report H 1, 
Committee on Alkali Reactions in Concrete, Danish 
National Institute of Building Research and Academ 
of Technical Sciences, Copenhagen, 1958, 58 pp., 12 D. 
Kr. (A 25 percent discount may be obtained by order- 
ing the whole series) 

Describes the “chemical test’? developed by 
Mielenz, et al., in 1947 and reports on the in- 
vestigations of 152 samples of aggregates by 
this method. The aggregates were also in- 
vestigated by the mortar bar test thus making 
a direct comparison of both methods possible. 


Different classification by the two methods 
was found for 22 percent of the samples. (To 
a certain extent this might have been due to 
inaccuracies of the mortar bar test.) Cer- 
tain modifications of the chemical test were 
investigated and it is indicated that the sug- 
gested modifications in the procedure simplify 
the testing. 
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Concrete for special purposes in the 
USSR (Specialny betény v SSSR) 


B. G. SkramTasnv (SKRAMTAEV), Stavebnicky Casopis 
Slovenské Akadémia Vied (Btatislava), V. 6, No. 3 
June 1958, pp. 131-137 


, 


Reviewed by J. Stork 


The paper read at a Czechoslovak-Polish 
conference on concrete technology in 1957, 
presents an outline of technology of high 
grade concretes made in the USSR especially 
for prestressed concrete structures. It deals 
with various questions such as: portland ce- 
ment activation; proportioning of concrete 
mix; methods of compaction of fresh con- 
crete; curing of concrete; as well as with 
various aspects of concrete for special pur- 
poses such as hydraulic structures, fire-re- 
sistant concrete, lightweight concrete, etc. 


Determination of homogeneity of con- 
crete (Zjist’ovani stejnorodosti betonu) 
M. Vortuicerx, Stavebnicky Casopis Slovenské Akadémia 
Vied (Bratislava), V. 6, No. 3, June 1958, pp. 185-194 
Reviewed by J. SrorK 

To determine the homogeneity of concrete 
it is necessary to know the distribution of 
strength to be found by statistical methods. 
Author presents his attempt to derive the 
frequency curve taking into account the 
various factors affecting strength of concrete. 
This frequency curve is represented closely by 
Pearson’s curve of the third type. The re- 
sults of the analysis may be applied directly 
on the site to determine the homogeneity of 
concrete. 


Application of the theory of creep 
(in French) 
N. Ku. ARovuriountiANn, Editions Eyrolles, Paris, 1957, 


319 pp., 4765 F 
Reviewed by A. W. Coutris 


This book, translated into French from 
Russian, constitutes the first attempt at a 
systematic and more generalized treatment 
of concrete creep and its implications for 
design practice. It contains eight chapters. 
The first two chapters establish the basic 
integral equations governing the equilibrium 
of an elasto-plastic medium and relating 
arbitrary stress and strain.- Age and past 
stress-strain history of the material are 
appropriately accounted for by the introduc- 
tion of the variable of time. The next five 
chapters deal with practical applications of 
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the general theory to specific creep problems 
connected with concrete, reinforced concrete, 
and prestressed concrete construction, such as 
(1) thermal stresses in mass concrete, (2) 
stresses due to shrinkage, (3) settlement 
stresses with consideration of creep, (4) 
state of stress in bent and compressed rein- 
forced concrete elements, (5) shrinkage 
stresses in reinforced concrete pipes, (6) re- 
inforced concrete frames, and (7) stress losses 
in prestressed beams and pipes due to creep 
and shrinkage of concrete. The final chapter 
is devoted to the basic stress-strain integral 
equations in the case of a nonlinear relation- 
ship between creep and corresponding stresses 
and the solution of some simple problems. 
Though the book requires a moderate degree 
of mathematical maturity to be read easily, 
the author has thrown back the solution of 
the integral equations to the solution of linear 
differential equations with variable coeffi- 
cients, a familiar mathematical topic for 
most engineers. The book certainly is one 
which should be examined by every engineer, 
both those just wishing to learn more about 
the behavior of concrete structures and those 
concerned directly with the influence of 
creep in the computation of stresses. 


Study to make concrete resistant 
against aggressive action of seawater 
Leo Basic, Nase Gradevinarstvo (Belgrade) V. 11, 
No. 8, Aug. 1957, pp. 205-209 
Reviewed by J. J. PoutvKa 
First a thorough chemical analysis of both 
concrete and seawater is necessary. Re- 
sistance was investigated under various con- 
ditions and for different composition and 
properties of concrete, especially granulo- 
metric mixture of gravel and sand, admixture 
of pozzolanic cement for greater imperme- 
ability, water-cement ratio, and natural 
humidity of aggregates. Study and research 
were made for Rijeka project. 


Current study of creep in concrete 
J. R. Keeton, Budocks Technical Digest, No. 88, July 
1958, p. 10 
HieHway RaseaRcH ABSTRACTS 
Nov. 1958 
In pilot studies, described in this letter 
report, cylinders 3 x 9 in., 4.x 12 in., and 6 x 18 
in. were loaded after 7 days curing and at 28 
days, employing stresses of 1100, 2200, and 
3300 psi. Duplicate sets of specimens were 
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placed in 20 percent and at 50 percent relative 
humidity environments. Electronic strain- 
measuring devices were compared with me- 
chanical strain-measuring devices. 

The tests showed that: the net creep in 
concrete (total deformation minus instan- 
taneous elastic deformation and minus 
shrinkage deformation) is approximately the 
same, both for the electronic and mechanical 
methods of deformation measurements; how- 
ever, many more cycles of electronic measure- 
ments can be made, compared to mechanical 
measurements, in a short time; creep of con- 
crete, other factors being equal, decreases 
as,the volume of the specimen increases; 50 
percent of total deformation occurring in 2 
months took place in the first 2 days; speci- 
mens loaded at 28 days curing age showed 
less creep than those loaded under the same 
stress at 7 days; springs in creep frames ade- 
quately maintained the applied stress. 


Structural Research 


Shear strength of prestressed concrete 
l-beams 
C. L. Hussos, Proceedings, Highway Research Board, 
V. 37, 1958, pp. 106-118 
AutTHor’s SUMMARY 

Reports preliminary results of tests of 
four prestressed I-beams, three with rein- 
forcement omitted from the shear span. The 
shear span was the only variable, ranging from 
3 to 4 ft. Cracks almost coincided with stress 
trajectories determined from an_ elastic 
analysis; the concrete failed on a_ plane 
perpendicular to the direction of the principal 
tension. 


Addition of web reinforcement to the 
fourth beam did not materially change the 
shear strength of the beam, but the ratio of 
ultimate strength to shear strength was 
greater than for beams without web rein- 
forcement. 


A modified maximum tensile stress theory 
of failure, accounting for some plastic re- 
distribution of stress within the concrete, was 
compatible with computed nominal critical 
stresses at failure. The test results indicate 
that this limiting stress varies between the 
tensile strength and the modulus of rupture. 

Shear cracks usually began in the web 
between the neutral axis and the flange-web 
junction in the presence of critical tensile 
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stresses. Shear cracks may also originate 
at the bottom fibers when the tensile stresses 
there exceed the modulus of rupture and the 
tensile stresses in the web are close to the 
critical value. 


Forces created during driving of con- 
crete piles 
SvEN SAHLIN, Road and Safety Construction (Stock- 
holm), No. 5, 1956; reprinted by Kungliga Tektiska 
Hogskolan, Stockh: olm 

Reviewed by Cart H. Gustarson 

Driving tests were conducted and the con- 
clusion reached that Hiley’s formula must be 
reduced by 10 percent when no head is used 
and by 50 percent when the head is used, to 
agree with the recorded values. (For two 
piles only.) 

The pile was assumed homogenous and 
therefore peripherial values can be assumed 
safe. 

As a result of the tests, the following con- 
clusions may be reached pertaining to the 
dynamic forces created during driving. 

1. Hooke’s law is applicable. 

2. Forces may be measured by a combina- 
tion of Wheatstone bridge and oscillograph. 


12-m span vault of narrow corrugated 
plates (in Polish) 
J. Harrwie, Bulletin ITB No. = Institute of Build- 
ing Technology, Warsaw, 1957, 20 pp. 
Pots Tecunicat ABSTRACTS 
No. 2 (30), 1958 
Reports tests on a reinforced concrete roof 
of prefabricated narrow corrugated plates of 
double curvature. The span of the roof was 
12 m and the rise 2 m. Dimensions of the 
corrugated plates were 2.75 x 0.5 m and 3 em 
thick, 


State of stress and buckling of a cir- 
cular conoid (in Polish) 
A. Lisowskr and G. Szprer, ane terta i Budownic- 
two (Warsaw), No. 10, 1957, pp. 365 
Pouisn Raecainl ABSTRACTS 
No. 2 (30), 1958 

Authors attempt to compute the stresses 
and failure loads in a short conoidal shell. 
The state of stress in the shell is analyzed on 
the basis of the diaphragm theory. The 
theoretical computations were checked by 
model tests which showed that the actual 
value of internal forces acting in the shell 
is greater than the computed value using the 
diaphragm theory. 
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Torsional 
concrete 


‘Rosert Humpureys, The Structural Engineer (Lon- 
don), V. 35, No. 6, June 1957, pp. 213-224 
Reviewed by C. P. S1mss 


properties of prestressed 


Reports tests on 94 rectangular plain con- 
crete beams prestressed concentrically or 
eccentrically with unbonded tendons. Vari- 
ables were size and shape (ratio of sides) of 
beams and level of prestress. Only one 
quality concrete was used. All failures were 
in tension and results were in accord with 
theory of failure based on maximum prin- 
cipal tension stress. Effect of compressive 
prestress was diminished as its value ap- 
proached about three-fourths the ultimate 
compressive strength. Recommendations 
given for design. Excellent bibliography and 
summary of previous tests. 


Pile test loads compared with bearing 
capacity calculated by formula 
M. G. Spaneuer and Harry F. Mumma, Proceedings, 
Highway Research Board, V. 37, 1958, pp. 119-149 
Compares actual bearing capacity of 59 
individual piles, as revealed by load test, 
and the bearing capacity of the same piles 
calculated by four different dynamic pile 
formulas. Although considerable computa- 
tion is required, the Rabe formula was found 
to be the most reliable of those examined and 
in the cases studied gave safe and economical 
results. 


Test results of assembled reinforced 
concrete flat slab structure (in Russian) 


K. K. Antonov, Bulletin Stroitelnot Tekhniki (Mos- 
cow), V. 15, No. 2, Feb. 1958, pp. 10-15 
Reviewed by Hersert EH. Keser 


Scale model of a floor of a flat slab type 


construction assembled of prefabricated rein- 


forced concrete parts, and consisting of four 
interior panels and the columns spaced 6 
m on centers both ways was built and tested. 
Column section was 40 em square; column 
strip slab thickness 8 cm; middle strip, 9 em. 
The capitals were 2.5 m square. All designed 


for a uniform live load of 1000 kg per sq m. 
Conclusions from the test are reported. Fur- 


thermore, it is stated that this type of con- 
struction is something new and needs more 
exploration to arrive at better methods of 
design and to increase its economical use- 


4 fulness. 
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Preparation of samples for micro- 
scopic investigation 
Ervin Poutsen, Progress Report M1, Committee on 
Alkali Reactions in Concrete, Danish National In- 
stitute of Building Research and Academy of Tech- 
nical Sciences, Copenhagen, 1958, 46 pp., 12 D. kr. 
The report describes the methods of collec- 
tion and preparation of samples of concrete 
and aggregates for microscopic investigation 
developed and used by the petrographic lab- 
oratory of the Committee on Alkali Reactions 
in Concrete. Particular attention is given to 
thin section techniques. 


Bibliography of engineering seismo- 
logy 
Epwarp P. Houtis, Earthquake Engineering Research 
Institute, San Francisco, 1958, 166 pp., $4.50 

Over 2000 entries and cross references to 
the voluminous literature related to engineer- 
ing seismology. The bibliography is con- 
veniently divided into miscellaneous sources 
of data; geology, geodesy, and seismology; 
seismometry and dynamics of structures and 
soils; and design and construction in seismic 
regions. A useful tool for investigative work 
in this field. 


Apartments and dormitories 
Eprtors or Architectural Record, F. W. Dodge Corp., 
New York, 1958, 238 pp., $8.95 

An illustrated survey of some outstanding 
multiple dwellings. The 53 projects chosen 
were selected from among those published in 
Architectural Record during the past several 
years. The projects are grouped under four 
headings: apartments-community scale pro- 
jects; apartments-—large projects; apartments 
-small projects; and campus dormitories and 
apartments. 

The initial section of the book contains 
material on economic and sociological prob- 
lems and trends in housing, and some of the 
technical aspects of apartment construction 
such as heating, partition walls, vertical 
transportation, and cost cutting techniques. 

Although the book will give developers, 
owners, and architects an excellent survey 
of what has been done, it is somewhat dis- 
appointing to find that more space was not 
given to structural design and construction 
technology, including materials. The value 
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as a reference book could have been im- 
proved with more articles of the same nature 
as the two on how “Cost of Multistory Build- 
ing Can Be Cut’ and “Partitions Function as 
Columns.” 


Fiftieth anniversary history—Ameri- 
can Concrete Pipe Association 

Howarp F. Peckwortu, American Concrete Pipe 
Association, Chicago, 1958, 122 pp. 

Presents the experiences and personalities 
involved in the growth and activities of the 
first 50 years of the American Concrete Pipe 
Association since its inception in 1907. 


Glossary of concrete masonry terms 
Concrete, V. 66, No. 8, Aug. 1958, pp. 29-33 


The National Concrete Masonry Associa- 
tion has completed a preliminary glossary of 
terms relating to concrete masonry. The 
glossary has been divided into four sections: 
manufacturing, concrete masonry units, de- 
sign and construction, and references. 


Further development of technical cri- 
teria for concrete (Weiterentwicklung 
der betontechnischen Bestimmungen) 
K. Wauz, Der Bauingenieur (Berlin), V. 33, No. 1, 
Jan. 1958, pp. 10-14 
Reviewed by Aron L. Mrrsxy 
The 1943 German standards for concrete 
and reinforced concrete construction, DIN 
1045 and 1047, are currently being revised. 
Paper is a discussion, with examples, of im- 
proved methods of design of mixes for both 
regular and “‘special’’ concrete. The im- 
portance of competent supervision is em- 
phasized. 


Editorial notes from Concrete and 
Constructional Engineering 
H. L. Cutupn, Concrete Publications, Ltd., London, 
1958, 96 pp., $1.75 

Generally nontechnical in the usual sense, 
this collection of editorials covering a span of 
36 years should be of interest to engineers 
concerned with their place in society and in 
the educational standards for future engi- 
neers. The main purpose is to encourage 
engineers and scientists to explore beyond 
technical problems. Closely allied is the aim 
to convince opponents that a well-rounded 
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individual is a more useful member of society 
and a happier man than one who is master of 
a technical subject only. It is further the 
author’s hope to encourage engineers to say 
and write exactly what they mean. 


Many of the problems discussed pertain to 
Britain but this does not detract from the in- 
teresting discussion applicable anywhere. 
The thought-provoking, penetrating analyses 
of the engineer’s relations with the world 
around him are well worth reading. 


Minimum property standards for one 
and two living units 
Federal Housing Administration, Nov. 1, 1958, 300 
pp., $1.75 (available from Superintendent of Docu- 
na Government Printing Office, Washington 25, 
Performance standards and over-all re- 
quirements on a nation-wide basis subject 
to local exceptions replace the rigid rules and 
detailed specifications of the present 23 re- 
gional manuals. Tentative effective date is 
Apr. 1, 1959, but may be postponed if nec- 
essary to permit the housing industry to 
conform. The revised standards are in- 
tended to make local approval easier and may 
encourage revision of antiquated housing 
codes used by some communities. 


Compatibility of aluminum with alka- 

line building products 

C. J. Watton, F. L. McGeary and E. T. Eneitenarrt, 

13th Annual Conference, National Association of Cor- 

rosion Engineers, St. Louis, Mar. 11-15, 1957; re- 
»yrinted by Alcoa Research Laboratories, Aluminum 
ompany of America, 17 pp. 

Results of tests to determine performance 
of aluminum alloys in contact with a wide 
variety of alkaline building materials are 
summarized and discussed in connection with 
many service experiences. Several specific 
investigations on the effects of concrete on 
aluminum alloys are described in detail. In- 
cluded are results of evaluations on admix- 
tures, cathode size in galvanic circuits, com- 
plete and cyclic immersion in water, and stray 
currents. 

In some installations, the presence of 
chlorides, dissimilar metals, leakage currents, 
differential aeration effects, or combinations 
of these factors may necessitate the use of 
protective measures. Information included 
in this paper should be of assistance in re- 
solving these problems in a practical manner. 
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Milestones of technology as 
reviewed at the dedication of 
the ACI Headauarters Building 


Commentary on Concrete 


By ROBERT F. LEGGET 


i Tuts INTERNATIONAL gathering and the official opening of the new ACI 
building surely mark a milestone in the long history of the technology of con- 
crete. The building that has now been well and truly dedicated, for the use 
of the American Concrete Institute in its wide-spread services, is of unusual 
interest in the architectural sense, unique indeed in some of its features. Is 
it not the first building ever to be erected by a professional and independent 
society whose aim is the advancement of the state of the art of concrete 
technology? In many countries, including the United States, there exist 
splendid organizations devoted to the promotion of the proper production 
and use of portland cement and concrete that are supported financially (at 
least in part) by the manufacturers of cement. T heir work is of great value. 
The American Concrete Institute is, however, to the best of my knowledge, 
unique in this field in that it is supported entirely by its individual members 
who work together not only for the advancement of the art but also for the 
promulgation of codes of good practice—in design and construction—which 
they make freely available for voluntary use. 


This is a fine thing, one of the great characteristics of the engineering scene 
in North America, now symbolized for this society by the new building, itself 
paid for in large part by the members themselves. The very freedom of enter- 
prise which it betokens is a continuing responsibility, but of this there is no 


need for me to speak. The address of your President is in itself warrant 


enough for full confidence that the American Concrete Institute is going for- 
ward to still finer work, fully conscious of these responsibilities, well aware of 
the international leadership that is its heritage and its challenge. 
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MILESTONES OF CONCRETE TECHNOLOGY 


Milestones are markers of a quieter age than ours. Is it not significant 
that the great new superhighways of today rarely include such useful markers 
of the passing miles? We can, however, still speak of milestones metaphoric- 
ally, and this is certainly an occasion for using this happy simile. Do you 
recall the old rhyme about the milestone. . . 


“Tt tells two things well worth the knowing; 
Where we are and where we’re going; 
More candid than that other stone, 

Which only says that we have gone.” 


May we, together, spend a few minutes in seeing where we are and where we're 
going with this wonder material concrete? 

Concrete, as we know it today, has a history of about a century—a century 
of remarkable advance in its use, as in all branches of technology. It is easy to 
become so enthusiastic about the things now done with concrete that it may 
be salutary to remind ourselves first that although we, as engineers, know 
what we are talking about when we discuss concrete, the man in the street 
generally does not—even after a century of such splendid technical progress. 

How often do we hear, and even read, of an operation described as “pouring 
cement.” Ina fine book which I have just finished reading, a stimulating dis- 
cussion of work and contemplation by one of your eminent philosophers,' I 
came across this expression twice—and this in the writing of a learned student 
of manual work. How often do we hear of ‘cement sidewalks”? Why is it, 
I wonder, that the editors of even our greatest newspapers and of our leading 
journals of opinion, expert as they are, have not yet discovered that cement 
is but one of the ingredients of concrete? And even as engineers, we need 
not be too complacent. How many engineers still invariably talk of “pour- 
ing” concrete when they know quite well that, if the concrete they use is 
good concrete, it can not be poured but must be placed? Even so eminent a 
journal as Engineering News-Record, which tries to follow a rule of using 
“place” or “cast,’’ still misses sometimes and lets “pour’’ slip in. 


Tomorrow's lesson from yesterday 
There is still a tremendous educational job to be done—a fact of which I 


am reminded almost every day, as I pass on my way to work a concrete side- 
walk which failed miserably, mainly because it was not properly cured in the 
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heat of high summer. And you will know, as I know, that the necessity of 


- curing fresh concrete, and the use of damp sand for this purpose, was recog- 


nized (by Wilkinson) at least 100 years ago. But these are small things; 
let us look at the other side of the picture. 


What a versatile material is concrete! Has it ever occurred to you that 
there is no other building material which can be used throughout the wide 
range from the placing of a few cubic inches around a pole in a garden to the 
use of over 10,000,000 cu yd in a single man-made structure such as the Grand 
Coulee Dam. It can be made by a child; it can be produced by the ton. It 
can be mixed on a shovel; it can be manufactured in majestic fully-automatic 
plants. It can be placed in tropical climes, cooled if necessary as it sets; I 
have personally supervised the placing of concrete when the air temperature 
was —40 F, and concrete was heated, instead of being cooled, until it gained 
its full stability. It is man’s equivalent of nature’s conglomerates, with the 
added advantage that man can choose his constituent materials and so even 
get the better of nature—provided that he selects his materials carefully. 


AESTHETIC POSSIBILITIES 


More than this, of all the more common structural materials, concrete is 
the only one which is completely susceptible in form and size to the molding 
hand of the designer. Despite all that is sometimes said to the contrary, 
engineers in general are appreciative of true aesthetics. What possibilities 
concrete places in the hands of the master designer for combining beauty with 
utility! It has been well said that “beauty is a refinement on function which 
induces visual comfort or stimulates visual delight or visual excitement.” 
With how little extra effort can concrete structures be charged with delight? 
And how good it is to think that more and more the aesthetic possibilities 
of concrete structures are being appreciated by designers—engineers, and 
engineers working together with architects in happy combinations that can 
remind us of the master builders of another age. We can think together of 
the clean-cut lines of some of your TVA dams and power houses, the gaunt 
outlines of Canadian grain elevators—bastions of the great plains, the slender 
arched bridges of Robert Maillart in the remote mountain valleys of Switzer- 
land, the splendid symmetry of some of the more recent works of Nervi in 
Italy with their almost unbelievable web-like structures. These and count- 
less more examples from almost every country testify to the skill which the 
engineer has acquired in molding this most natural of all artificial materials 
to his designs, for the use and for the delight of his fellow men. 


PROGRESS ABROAD 


I speak of countries overseas. You know well the conereté works of your 
‘country and of mine. Would you care to glance briefly at some concrete struc- 


tures in the far places of the world, places which it has been my great privilege 
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to visit in recent years on official duty? Your imaginations are vivid; let 
them provide you with a magic carpet to circle the globe from this pleasant 
room in the busy heart of Detroit. Flying off to the west, and spanning the 
broad Pacific, we can recall the vast quantities of concrete made in recent 
years using coral for aggregate, now to be seen on many a tropical atoll. Right 
at the other side of the world, we come to New Zealand—a small country 
with a population of not much more than 2,000,000, but with truly significant 
engineering works worthy of a population several times as large. As we fly 
in over Auckland, at the extremity of the North Island, we shall see one of 
the pioneer reinforced concrete bridges of the world, the Grafton Bridge 
which, when built in 1910, was the longest single span reinforced concrete 
bridge in the world.2 Although the main arch with its span of 320 ft has long 
since been exceeded in size by other structures, this pioneer structure yet 
serves its city well and has a long life still ahead of it. It does not take long 
for a visitor to New Zealand to find that this is a country where earthquake 
shocks are an ever present danger. As engineers, we shall notice how satis- 
factorily structures of reinforced concrete have performed even when sub- 
ject to such severe loading, the monolithic character of concrete structures 
giving them particular advantage for all such critical locations. 


Down under 


Crossing the Tasman Sea, we come to the Island continent of Australia. 
There are concrete structures aplenty to be seen in Sydney but its skyline 
is still dominated by its famous steel arch bridge. If present plans are carried 
out, however, a rival will soon appear in the form of an opera house, the 
architecture of which will be even more “functional” than that of the ACI 
building, the architect having attempted to reproduce in a concrete structure 
the appearance of sails in the wind, so widespread and lovely a sight on the 
blue waters of the harbor. It is in Melbourne, however, that we shall find 
the most notable concrete structure of Australia, this being the great dome 
of the public library. When built, it was the largest reinforced concrete 
dome in the world; those older members who recall the 1914 war may find 
interest in the fact that it was designed by Sir John Monash who achieved 
international fame as the leader of the Australian forces in that first world 
conflict.* . 


We shall have to cross to the quiet island of Tasmania, however, to see 
quite the most unusual concrete structure of Australasia, the arched bridge 
across the harbor of the beautiful capital city in Hobart. This is a rein- 
forced concrete bridge arched in plan, and not in profile, for it is also a float- 
ing bridge. Designed by a good friend of mine, David Isaacs, it was con- 
structed in 1936. Foundation conditions dictated the unusual nature of the 
structure which is 3156 ft long, and which weighs about 25,000 tons. The 
tidal range is 9 ft and strong ocean swells add to the complications of the site 
with the result that the bridge sometimes acts as an arch in compression, 
sometimes as a catenary in tension, depending on winds and tides. 
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Singapore 


Singapore must be our next stop, that amazing little island almost exactly 
on the equator. Its area is only 224 sq miles and yet about 1,500,000 people 
live on this famous island, most of them in such crowded quarters that these 
have to be seen to be believed. But for almost 30 years the Singapore Im- 
provement Trust has been making steady progress at improving housing 
conditions. Its most recent housing developments constitute some of the 
finest reinforced concrete structures which it has been my privilege to see 
anywhere. Can you visualize clean-cut 14-story blocks of simple flats, con- 
structed entirely of reinforced concrete, with flat roofs, open balconies, a 
judicious use of bright colors, and pure white precast concrete grillages over 
all open wells? These are exciting buildings, exciting aesthetically, and 
exciting to watch under construction, for the “jungle” scaffolding which is 
used right up to the top of the full 14 stories consists of slender sticks of 
bamboo merely lashed together.*® 


India 


On to India, that amazing sub-continent with its population of almost 
400,000,000, a population increasing at the rate of 5,000,000 every year. These 
fantastic numbers will make you think of the traditional type of Indian 
building, seen in typical pictures of Indian villages. Simple brick and soil 

_ structures still dominate the national scene but India is awakening. The 
fine pioneer engineering work of the British is now being continued at an 
ever increasing rate by the engineers of the new nation. Would it surprise 
you to know that the first prestressed concrete bridges in the world, designed 
for railway use, were constructed in India? Exceptions these may have 
been but they were built for the Assam Railway in 1949.° As early as 1934, 


Old and new—A piece of Roman “con- 
crete” with the new ACI Headquarters 
Building in the background. The Roman 
“concrete” was presented to ACI by the 
Division of Building Research, National 
Research Council of Canada at the dedi- 
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a mass concrete dam (the Methur Dam in south India) 5300 ft long and 200 
ft high had been built across the Cauvery River. And today there is being 
constructed of mass concrete, with much American assistance and with 
modern construction methods, the great Bhakra Dam 680 ft high and 1700 
ft long, across the Sutlej River, for what will be one of the largest multi- 
purpose projects of the world. 

Not all Indian concrete structures follow the lead of the West, however. 
In New Delhi one can see a beautiful temple in the ancient Hindu style of 
architecture. One can admire it, and then be surprised to find that it was 
built as recently as 1939 in reinforced concrete—a truly adaptable material. 
And most of the dams being built in India are still constructed by hand, of 
masonry hand-placed in cement mortar, up to heights far exceeding 100 ft. 
The great manpower problem of India is vividly shown by the fact that this 
type of construction is still, in 1958, about two thirds of the cost of mass 
concrete placed with the aid of all the most modern equipment.’ If time 
permitted, we could inquire about the ancient use on the Malabar Coast of 
mortars made of lime mixed with molasses (a clue for modern research work- 
ers?). Would, too, that we had time to fly across the Indian Ocean to the 
west to visit South Africa, another country which uses concrete well. Our 
travel must, however, be to Europe. 


Europe 

Many of you will know the countries of western Europe where so much 
splendid concrete work is to be seen. How pleasant it would be to wander in 
France, to visit the sites of some of the early pioneer reinforced concrete 
structures, certainly to make pilgrimage to le Pont d’Ivry where in 1903— 
55 years ago, Consideré tested a large reinforced concrete bowstring arched 
bridge to destruction.’ We could find much of interest in Belgium, in Holland, 
and in West Germany. So much fine work has been done in all these coun- 
tries, especially in recent years, that it would be almost invidious to select 
any for individual mention apart, perhaps, from Professor Paduart’s superb 
“sorrow” at the Brussels Exhibition. Research into concrete problems has 
also been actively pursued, notably at the fine Materialprufungsamt der 
Technische Hochschule in Munich. In Switzerland, we would be aston- 
ished by the audacity of some Swiss concrete bridges, even as we would be 
enthralled by the beauty of many of them in their superb natural settings. In 
Denmark we could walk over a small reinforced concrete bridge that was 
built in the year 1894 and which still gives good service, crossing a main road 
with a span of just over 70 ft. 


Scandinavia 

Flying north into Scandinavia, we come to another area where modern 
reinforced concrete work is indeed challenging. We would see precast concrete 
units in use on a seale equalled only, perhaps, in the USSR, and possibly in 
Britain and France. In Stockholm I have visited a real concrete “factory” 
which made and distributed precast, prestressed concrete units not just in 
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that city but to all parts of Sweden. In that same lovely city, so well called 
the “Venice of the north,” we would see reinforced concrete arched bridges 
that are masterpieces of design, with spans amongst the longest in the world. 
(I hesitate to mention which Swedish bridge has the greatest span since I 
found this still to be a matter of argument among Swedish friends.) We 
would find, too, another of the great concrete research centers of the world, 
the Swedish Cement and Concrete Research Laboratory. 


Far north 

I must ask you, however, to travel still further north with me, over first 
to Finland—that valiant little land—self-sufficient for many years in its 
cement needs, and using concrete with vigor and vision. On still to the 
north, however, right into Lapland, to Ivalo and to Karasgniemi at the far 
northern tip of Finnish Lapland. Concrete in Lapland? Yes, here too. Just 
over a year ago, I stood by a concrete mixer in Ivalo operated by a Lap- 
lander and saw most excellent concrete being placed for building foundations 
in this land of the midnight sun. But even I was not prepared for what I 
found when I went further north still, across the border into Norway, and on 
up to Hammerfest—the most northern town in the world, located beyond the 
70th parallel, only a thousand miles from the North Pole. This ancient 
fishing port with a hardy population of about 5000, was one of the Scandinavian 
towns to be devastated in the shocking waste of war, every single building 
razed to the ground by fire in 1944. Its rebuilding was virtually complete 
last year, the new town hall being one of the last of the new buildings to be 
completed. And the town hall, as also many of the larger buildings of the 
town, was a first class piece of reinforced concrete construction. 


WHERE ARE WE GOING? 


From the Antipodes to the Equator, from the Equator to far north of the 
Arctic Circle, concrete well and truly used all the way. Where better, in 
imagination, could we ask our second question—‘Where are we going?” 
With concrete already used in such a variety of ways, it would not be reason- 
able to suggest that any major changes in concrete technology or in the use 
of concrete will occur in the foreseeable future. The variability of concrete 
ingredients can never be forgotten, requiring ceaseless vigilance for the de- 
tection of any new and previously unknown reactions, constant research 
into the problems raised by the use of new and untried materials. The suc- 
cess of air-entraining agents suggests, in an almost tantalizing way, that. 
there may yet be found an admixture which really would influence the be- 
havior of concrete (this statement having no relation to, nor reflection on 
admixtures now on the market). 

Design 

Turning to design, surely the time has come when the problem of designing 
satisfactorily for shear stresses must be solved? Working stresses must be 


continually under review, as efforts are made to raise them effectively, per- 
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haps some logic introduced into their determination. Even more important, 
possibly, will be the more mundane task of really designing “concrete for 
permanence.” In this, careful reviews of experience with concrete structures 
in practice will always be valuable, such as American studies of the per- 
formance of concrete in dams, and the British report on the durability of 
concrete buildings.!° Recent British practice supports one further predic- 
tion—that we shall see a considerable increase in the use of precast concrete 
units. In London, there was recently finished a 10-story concrete office 
building, completely precast, typical of recent European advances in this 
direction." 

But with this briefest of references to British practice, we should head to 
the west again, to complete our imaginary journey. As our magic carpet 
carries us away from England’s green and pleasant land, we may catch sight 
of a solitary lighthouse, seemingly rising out of the sea, south of Plymouth. 
This is the Eddystone Lighthouse. John Smeaton was entrusted with its 
reconstruction in 1756, just two centuries ago. This first of civil engineers 
was a true research worker; his investigations for the final mixture of blue 
lias lime and pozzolan from Civita Vecchia laying the foundations for all 
modern cement and concrete research. And where did Smeaton get his in- 
spiration? From the Romans, and from the records of their works of 1700 
years before, works which were so strangely forgotten throughout the middle 
ages. Let us, also take a quick glance back in time across the centuries for 
was it not Edmund Burke who said “people will not look forward to pos- 
terity who never look backward to their ancestors.”’ 

Early uses 

What interest can we find. Here, for example, is Pliny writing in his Nat- 
ural History: ‘‘Cisterns should be made of five parts of pure gravelly sand, 
two of the very strongest quicklime, and fragments of silex (lava) . . . when 
thus incorporated, the bottom and sides should be well beaten with iron 
rammers.”’ And then we think that vibrated concrete is something new! 
Admittedly, the Romans did not use portland cement but their mixtures of 
aggregate, lime, and pozzolan gave a material that is the direct ancestor of 
good concrete of today. They even used lightweight aggregate, the mag- 
nificent dome of the Pantheon, with a clear span of 142 ft 6 in., being possible 
only because of the use of pumice as aggregate. They used wooden molds 
just as we do today. And we know that they really did “pour” some of 
their “concrete” instead of placing it, as they should have done, by what 
we can see of its appearance today, 2000 years later. Sad to relate, they did 
not always clean out their formwork as they should have done, sometimes 
leaving chips of wood from the forms to be mixed in with the “concrete.” 

You will think that I exaggerate. But if we could go together to the Flavian 
Palace on the Palatine in Rome, built more than 2000 years ago, we could 
see in the foundation walls the marks of the boards then used for formwork, 
clear indication of too much water in the mix. And the chips of wood in the 
forms? These must be seen to be believed. So much do we owe to the Romans, 


aa 
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and so useful is it to be reminded occasionally that all engineering is not the 
work of the twentieth century that I would like to conclude this brief com- 
mentary by presenting to the President of the Institute as a small token a 
piece of Roman “concrete,” almost 2000 years old, fairly well graded but 
containing a small chip of wood still clearly to be seen. 


If, therefore, Mr. President, this small specimen can find a place in the 
new building, will you please accept it not only as a token of well-wishing to 
your Institute from Canadian engineers and research workers, coming to 
you across the borders of space, but coming also across the borders of time, 
as a reminder of our debt to the past, a symbolic token of all that has been done 
down the ages in developing the concrete technology of today, challenge 
indeed that we must never forget the ancient words: 


“That which our Fathers bequeathed to us, we must earn to 
possess.”’ 
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Title No. 55-60... Method for determining the influence of 
grade of reinforcing steel on blast resistance of beams is based 
on preselected criteria of failure. The peak dynamic load 
capacity is calculated for beams of a given configuration but 
having different percentages and grades of reinforcing steel. 
These calculations are made for blast-type loads of different — 
duration. Plots of the results indicate that suitability of various 
steel grades will depend primarily on maximum permissible de- 
flection, characteristics of the loading, and amount of tension 
steel used. 


Blast Resistance of 
Reinforced Concrete Beams 
Influenced by Grade of Steel 


By WARREN A. SHAW and J. R. ALLGOOD 


ly THE DESIGN of a reinforced concrete beam to resist blast loading, 
the engineer must choose the grade of steel to be used. The grade of steel 


‘in a given beam determines the static load-deflection characteristics which 


in turn influence the dynamic load capacity of the member. The question is, 
“What grade of steel, or what resistance characteristics of a beam, are best for 
withstanding a given blast loading?” 

Several authors have treated the problem!:?:* both from an experimental 
and a theoretical point of view. Recent discussions,* however, indicate 
some lack of agreement on the subject and suggest that a method is needed 
for comparing dynamically loaded beams reinforced with steels of different 
stress-strain properties. 


BASIS FOR EVALUATION 


In most blast resistant construction the design objective is a structure 
whose deflection will be less than some specified limit under the design load- 
ing. Behavior of the structure or structural element will be different depend- 
ing on the duration of the pressure wave. The distinction between a short 
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oratory, Port Hueneme, Calif. The two colleagues have been engaged 
in structural dynamics research and have participated in several atomic 
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he was formerly an instructor in applied mechanics at the University of 
Kansas. Mr. Allgood, who assumed his present position in 1951, previ- 
ously taught at Ohio State University and The Rice Institute. 


and long duration load in a given case cannot be precisely stated without 
knowing the complete load-time history; however, loads having durations 
greater than six times the natural period of the beam are usually regarded as 
long duration loads. 

A structure which can deflect plastically without loss of resistance will 
allow time for a short duration pressure wave to decrease in magnitude to a 
value which the structure can support. Thus, the peak dynamic load capacity 
may be several times the static yield load.* 

For long duration loads, the advantage of permitting plastic deformation 
is not so marked as for short duration loads; the capacity is only increased, 
about 10 percent® above static yield load. Nonetheless, designing structural 
members to deflect plastically is usually desirable to avoid sudden brittle- 
type failure. It remains to establish how much ductility is required and how 
it is best obtained. 

For reinforced concrete beams to withstand large plastic deformations at 
least four requirements should be met: 


1. They should be underreinforced (that is, the yield point of the tension reinforcing 
steel should be reached before the ultimate compressive strain of the concrete or com- 
pression steel is developed). 

2. The reinforcing steel must be sufficiently ductile to permit the beam to retain its 
resistance through large deformations. 

3. Compression steel should be used. The yield and ultimate deflection of beams 
without compression steel cannot be accurately predicted. Further, properly tied com- 
pression steel permits the member to sustain load even after compressive failure of the 
concrete occurs. 

4. The member must be designed to avoid the development of connection failure, 
brittle failure, shear slides, and bond failure. 


The essence of these requirements is that a beam must have sufficient 
yield strength and sufficient ductility to resist the imposed blast load. For 
a given member with a fixed percentage of reinforcement, hard grade steel 
will provide greater yield strength than structural or intermediate grade 
steel; however, structural grade steel will provide greater ductility. The 
question is—which of these factors is more important? 

Before this question can be answered, a basis for comparison of beam be- 
havior must be established. The writers have selected two criteria. First 


BLAST RESISTANCE OF BEAMS 937 


is that the beams will be allowed to deflect to their ultimate deflection (where 
ultimate deflection is defined as the deflection at compressive failure of the 
concrete). The second criterion is that the maximum deflection shall not 
exceed 1/50 of the span. This value of limit deflection is selected arbitrarily. 
Using these criteria, beams of identical dimensions reinforced with struc- 
tural grade or hard grade steel are compared by computing the peak load 
capacity for a prescribed ratio of load duration to natural period of the mem- 
ber as a function of the percentage of tensile steel. Plots of such calculations 
provide a means of comparing beams reinforced with different grades of steel 
subject to the different criteria of failure. 


DATA AND THEORY USED IN COMPARISON 


It is convenient to use available test data! which give the static load-de- 
flection characteristics of beams reinforced with structural grade or rail 
steel in the amounts of 0.84, 1.68, and 2.52 percent. These tests were on 
model-size beams with a span of 6 ft. The yield deflection and other im- 
portant properties of the beams are presented in Table 1. 

Properties of materials used in the beams were: concrete strength, 3500 
psi; static lower yield point of the steel, 44,000 psi and 57,000 psi, respec- 
tively, for the structural grade and rail steels. Although Reference 1 de-. 
scribes the lower strength steel as structural grade, the yield point satisfies 
the requirements for intermediate grade steel. From tests of Jackson and 
Moreland,’ it is found that the probability is approximately 14 percent that 
structural steel A-7 would have a yield point equal to or greater than 44,000 
psi. It is expected that approximately the same percentage would apply 
to structural grade reinforcing steel. 

Idealized, experimental, static load-deflection curves for the beams are 


shown in Fig. 1, 2, and 3. (These curves could have been obtained equally 


well by theoretical procedures.*) The curves are idealized to the extent 
that. distinct values of yield load and deflection are shown. The experimental 
behavior of the beams did not exhibit a distinct knee in the load-deflection 
curve so the elastic and plastic range slopes were extrapolated to locate this 
hypothetical point. It is emphasized that the resistance curves of Fig. 1, 2, 
and 3 are of principal concern in the remainder of the discussion. The ma- 
terial properties are only important insofar as they govern the resistance 
curves for a particular beam. 


TABLE 1—STATIC PROPERTIES OF BEAMS 


Rail steel Structural grade steel 
Percent ee = = : 
i Yield Yield Ultimate Yield Yield Ultimate 
ie iad, deflection, deflection (ym), load, deflection, deflection (ym), 
p é lb in. in. lb in. z in. z 
2140 0.55 1.75 1260 0.21 3.15 
t 68 3700 0.70 1.36 2440 0:38 3.00 
2.52 4890 0.91 1.12 3200 0.50 2.64 
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With the chosen static test data and available design curves,*'* the response 
to a load with an instantaneous rise and a triangular or step-time variation 
is readily obtainable. The cited design curves are based on the spring-mass 
analogy which has been experimentally justified.*:'° They give the ratio of 
applied dynamic load to dynamic yield load, Pn/Q», as a function of the ratio 
of maximum dynamic deflection to dynamic yield deflection, ym/ys, for a given 
ratio of pulse duration to natural period, 4/7. This variation for a step 
load and for ratios of pulse duration to natural period of 0.5, 2.0, and 5.0 is 
plotted in Fig. 4 and 5. 


Before either of the two previously stipulated criteria can be used, it is 
necessary to account for the increase in yield point of the tension steel caused 
by the rapid application of load. The few available tests show that the in- 
crease in yield point with strain rate is slightly less for hard grade steel than 
for structural grade steel.6 It is assumed here, however, that both grades of 
steel experience a 35 percent increase in yield point. Using this increase, 
Q, and y (the dynamic yield load and deflection) are calculated from the 
corresponding static values taken from Fig. 1, 2, and 3. 


Using the first criterion, which permits the beams to deflect to their ulti- 
mate deflection, the ratio of ultimate deflection to dynamic yield deflection 
is computed. Then, with the aid of Fig. 4 and 5, the ratio of applied load to 
dynamic yield load is determined for different ratios of pulse duration to™ 
natural period. It is now a simple matter to calculate the least value of 
applied dynamic load which will produce ultimate deflection. Plots of the 
variations of applied load with percentage of steel reinforcement are pre- 
sented in Fig. 6, 7, 8, and 9. The portion of these curves with small dashes 
indicates regions where an extrapolation of the beam response curves was 
necessary. 


Load —- Ib 


° 0.5 1.0 NS 2.0 2:5 3.0 3.5 4.0 
Mid-spon Deflection ——e In. 


Fig. 1—Idealized static load-deflection curves. p = 0.84 percent 
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Fig. 3—Idealized static load-deflection curves. p = 2.52 percent 
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Z Fig. 5—Beam response to dynamic load 
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It is important to recognize that the initial maximum deflection is not 


necessarily the maximum deflection which a member will experience. If 


the dynamically applied load is sustained after the initial response, the beam 
will seek static equilibrium. For loads greater than the static ultimate load 
the member will continue deflecting until it fails. Thus, for a long duration 
load, the peak dynamic load is the static ultimate load. For most beams this 
load is about 10 percent greater than the static yield load. 


In Fig. 9, for simplicity, the ultimate static load is taken as equal in mag- 
nitude to the static yield load. In this case the peak load capacity for all mem- 
bers with structural grade steel is governed by the static yield load. But, for the 


_ beams containing more than 1.25 percent rail steel, the peak load capacity 


is governed by the relatively limited ductility of these members. 


A similar calculation has been made using the criterion that the maximum 
deflection shall not exceed the limit deflection of 1/50 of the span. The 
results are also given in Fig. 6-9. 


Numerical example of procedure 


It is desired to determine the peak dynamic load capacity for a beam reinforced with struc- 
tural grade steel (p = 1.68 percent) when subjected to a triangular shaped load with 4/7 
equal to 5.0. The static load-deflection characteristics for this beam are shown in Fig. 2. 
From this figure, the following values are noted: yield load = 2440 lb; yield deflection = 0.38 
in.; and ultimate deflection = 3.00 in. It is assumed that the steel will experience a 35 per- 
cent increase in yield point as caused by the rapid loading of the beam; hence, the values of 
dynamic yield load Q, and deflection y are 3290 lb and 0.513 in., respectively. 
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The ratio of ultimate deflection to dynamic yield deflection then is 


From Fig. 4, for 4/7’ = 5.0 and Ym/y = 5.85, the ratio of applied dynamic load to dynamic 
yield load is 


and the peak dynamic load which the beam can sustain without exceeding the ultimate de- 
flection is 


Pm = 1.05 (3290) = 3450 lb 


Therefore, this particular beam when subjected to a load of 3450 lb will deflect 3.00 in. 

Now assume that it is desired to limit the deflection of the beam to L/50 or 1.44 in. The 
values of dynamic yield load and deflection of the beam are the same as before, and the ratio of 
allowable maximum deflection to yield deflection becomes 


pn 2 es 
Yb 0.513 ; 


From Fig. 4, for 4/7’ = 5.0, 


—" = 0.89 
and Pm = 0.89 (3290) = 2930 lb. 


DISCUSSION OF RESULTS 


For the criterion in which the beams are allowed to reach their ultimate 
deflections, the following observations are made: 


1. For ratios of t,/7 equal 0.5, the beams with structural grade steel have 
considerably greater dynamic load capacity than the beams with rail steel 
(for all values of steel percentage within the range considered). 

2. As t,/T inereases above 2.0, rail steel shows a superiority over structural 
grade steel for amounts less than approximately 1.7 percent. 

3. The beams reinforced with rail steel reach a maximum dynamic load 
capacity as the percentage of steel reinforcement is increased. This amount. of 
reinforcement at maximum load capacity varies between approximately 1.8 
and 2.4 percent for the beams considered. 

4. The beams reinforced with structural grade steel continue to gain addi- 
tional dynamic load ‘capacity with increase in steel percentage within the 
range considered. For a step load, this load capacity is increased approxi- 


mately 130 percent by an increase in tension steel reinforcement from 0.84 
to 2.52 percent. 
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If the criterion of limiting the deflection to a value of 1/50 of the span is 
selected, the following observations can be made: 


1. The ultimate static deflection of the beams reinforced with structural 
grade steel was between L/23 and L/27. By restricting the dynamic de- 
flection to L/50, the allowable load applied to the beams reinforced with 
structural grade steel is considerably reduced, particularly for the short 
duration loads (see Fig. 6-9). By contrast, the maximum reduction in peak 
load capacity for beams reinforced with rail steel was in no case more than 8 
percent. 


2. The ultimate static deflection of the beams reinforced with rail steel 


~ was less than the arbitrary limit deflection (1/50) except for the beams with 


0.84 percent steel; therefore, the ultimate deflection was, of necessity, the 
criterion used for beams with 1.68 and 2.52 percent steel. 


3. The beams reinforced with structural grade steel continue to gain addi- 
tional dynamic load capacity with increase in steel percentage within the 
range considered. 


4. Under the criterion ym S L/50 and for the beams used, those reinforced 
with rail steel have larger allowable dynamic loads than those reinforced 
with structural grade steel over nearly the full range of steel percentage and ° 
ratio of pulse duration to natural period. 
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Fig. 8—Dynamic capacity of 
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There is an obvious danger in attempting to generalize these results to 
beams of all sizes, types, and configurations. Such is not the intent of this 
paper. Rather, the purpose is to present a method for comparison of various 
grades of steel used as reinforcement in any given beam or beams. The 
observations made merely show under what load conditions and failure 
criteria a given steel may be expected to be superior. 


CONCLUSIONS 


A method is presented for the comparison of different grades of steels 
used as reinforcement in a beam subjected to transient loading. This method 
is useful for comparing the dynamic load capacity of beams reinforced with 
varying amounts of different grades of reinforcing steel. 


It is shown that whether one type of steel is better than another depends 
primarily on the criterion of failure chosen, the characteristics of the loading, 
and the amount of tension steel used. 
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Title No. 55-61 


Control of 


Concrete Mixes 


By EDWARD A. ABDUN-NUR and JOSEPH J. WADDELL 


CONCRETE CONTROL PROCEDURES for the Northern Illinois Toll 
Highway resulted in greater contractor efficiency, lower costs, and 
closer conformance to specification requirements than usually obtained 
on similar work. Supervision of the numerous contracts was effected by 
the section engineers, general consultant, and testing laboratories work- 
ing in unison to insure quality of materials and uniformity of structural 
and pavement concrete. 


Semiautomatic batching and central mixing plants, which were 
equipped, with automatic recording moisture meters, finish screens for 
coarse aggregate, and recorders to indicate batch weights, significantly 
contributed to the good control of concrete quality. 


Tue CONTROL PROCEDURES and data presented herein describe 
early operations on the Northern Illinois Toll Highway. The project is a 
good example of the application of the basic principles presented in “Criteria 
for Modern Specifications and Control” by Edward A. Abdun-Nur and 
Lewis H. Tuthill (ACI Journat, V. 30, No. 7, Jan. 1959, pp. 759-768). 

From the control point of view, the principal accomplishment of the first 
season’s work was the indoctrination of all working units in the intent of the 
specifications and how best to attain control. In addition, plants were checked, 
materials sources approved, mixes adjusted, and sufficient concrete was placed 
to point out problems and find solutions for them, thus smoothing the opera- 
tion and control procedures for the subsequent big construction push. 

The Northern Illinois Toll Highway, (Fig. 1), is a four- and six-lane divided 
highway with limited access, extending 187.3 miles. The reinforced concrete 
pavement is 10 in. thick; together with its bridges, grade separations, and — 
structures, it involves over 2,750,000 cu yd of concrete. This large volume 


~ of concrete, divided into four major classes, was placed by many contractors 
and subcontractors, under the direction of 23 engineering firms acting as 


section engineers. Attaining uniformity and quality control under such a 


_ yariety of conditions constituted a major problem. 


947 


948 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE March 1959 


Edward A. Abdun-Nur, consulting engineer, Denver, served as a consultant 
on the Northern Illinois Toll Highway where he conducted a materials survey, 
set up quality control, and developed new standard specifications. Prior to 
entering private practice, he spent 16 years in various engineering capacities 
with the U. S. Bureau of Reclamation, Corps of Engineers, and U. S. Indian Ser- 
vice. Currently a member of ACI Committees 214, Evaluation of Results of 
Strength Tests of Concrete; 611, Inspection of Concrete; and 617, Specifications 
and Recommended Practice for Concrete Pavements and Bases, Mr. Albdun-Nur 
has been an ACI member since 1948. 


Joseph J. Waddell, chief materials engineer, Knoerle, Graef, Bender, and 
Associates, Chicago, joined ACI in 1938. He served 18 years with the U. S. 
Bureau of Reclamation on projects such as Parker, Shasta, and Friant dams, 
and the Friant-Kern Canal. He was materials engineer for the consultants on 
the Lake Pontchartrain Bridge. In 1956 he was appointed project materials 
engineer for Joseph K. Knoerle and eager Inc., general consultants on 


the Northern Illinois Toll Highway. Mr. Waddell is chairman of ACI Com- 
mittee 609, Compaction of Concrete by Mechanical Means, and a member of 
ACI Committee 611, Inspection of Concrete. 


SPECIFICATION REQUIREMENTS 
Basically four classes of concrete were specified (Table 1): 


Class K—foundations of structures and other massive sections 
Class M—general structural purposes 

Class P—paving concrete 

Class R—prestressed members (over 200 bridges) 


Concrete was considered as having failed to meet requirements if more than 
four consecutive tests in Class P or three consecutive tests in all other classes 
fail to reach design strength. 

To obtain and maintain concrete meeting these requirements was by no 
means automatic. Care and effort in planning and supervision, and in in- 
doctrination and inspection, were required to increase the probability of 
acceptable results. 

Within the limits of minimum cement content, maximum water-cement 
ratio, maximum slump, maximum size aggregate, and maintenance of en- 
trained air within allowable limits, no other restriction was placed on how the 
contractor shall obtain the required percentage of tests above the design 
strength. 

With this type of specification, the more uniform the contractor’s opera- 
tions, the lower the probable average strength needed to meet the require- 
ments that a given percentage of the tests be above the design strength for 


TABLE 1—CLASSES OF CONCRETE 


Maximum 


Entrained Minimum 


slump, air, cement, regate 
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cu yd 
K 3 4 x] 
5 
7 ig tee eee 
5x 5 
R 3 3 +1 514 ? 


i ihe, te | 


5 


os sk 


y 


: ee 


——~ ~~." == © 
v 4 ’ 


ey 


~~ Sai ee Pe 


Se, oe 


CONTROL OF CONCRETE MIXES 949 


WISCONSIN 


ILLINOIS 


ROCKFORD 


NORT 
foe Shing 
‘S 


SCALE 
ie} 5 10 MILES 
(el — | 


/ AURORA 


ILLINOIS 


INDIANA 
L 


fe 


each class. In contrast, lack of uniformity requires a higher average strength 
to meet the requirements, which automatically penalizes the contractor by 
the need for a higher cement content. Thus the contractor is motivated to 
uniform operation, resulting in higher quality work, instead of gearing every- 
thing to the poorest quality expected. . 

To help the contractor maintain as uniform an operation as possible, ‘‘self- 
functioning” and automatic operations and devices were used to the utmost. 
Basically, the most important of these were automatic batching plants, 
finish screening operations at the last handling of the aggregate to minimize 
segregation and to reject fines, electric recording moisture meters that pro- 
vide a continuous record of the moisture in the sand batches to permit water 
and aggregate weight adjustments, and automatic recorders that permit a 
study of operations and indicate variations, thus enabling the engineer to 


trace causes. 


Fig. 1—Northern Illinois Toll Highway 


CONTROL OPERATIONS 


Aggregate investigations 
With the anticipated number of contractors, it was impossible to predict: 
the sources of aggregates. The short time available-for preliminary investi- 


gations made it impossible to locate deposits, test them thoroughly, and 


4 
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specify or restrict their use. About all that was practical was to make sure 
that the quantities needed were available within a reasonable radius of opera- 
tion, and that from all available information there would be no serious problems. 


As a final protective measure it was decided that source approval for aggre- 
gates would depend on the results of a thorough petrographic examination 
and the usual physical tests of the materials. It was felt that any serious 
problem would be detected in this manner and any warnings raised by the 
petrographic examination would be checked by inspection of in-service struc- 
tures containing the materials in question. 


This was a fortunate decision inasmuch as the first proposed source of 
aggregate contained a large percentage of potentially reactive particles. 
Examination of structures in service indicated the possibility of a mild alkali- 
aggregate reaction, which in itself was not felt to be serious, but which might 
open cracks to the weathering action of freezing and thawing, and thus re- 
duce the life of the facility and probably increase maintenance. The same 
situation was subsequently found with aggregate from several other sources. 


Since observations indicated that the reaction was rather mild, it was de- 
cided to explore the possibility of obtaining cement with a maximum alkali 
content of about 0.7 percent, which looked feasible from past operations of the 
mills serving the area. This was a calculated risk, believed to give sufficient 
protection, without imposing a low alkali cement restriction. Fortunately, 
the 0.7 percent limitation was attainable where it was needed. Several con- 
tracts were committed before these details could be worked out, and the 
use of potentially reactive aggregate with the higher alkali cement on these 
early contracts was permitted as a calculated risk justified only because of the 
mildness of the observed reaction. 


Production control 


Once a source of aggregate was approved, inspection of production and certi- 
fication of shipments was taken over by the commercial testing agency engaged 
by the toll highway commission. The testing agency maintained inspection 
at the plant wherever production for the toll highway was in progress. Rou- 
tine gradation and cleanliness tests were made, and at given intervals samples 
were sent to the laboratory for soundness, abrasion, specific gravity, and ab- 
sorption tests. Whenever the character of the product appeared to change, 
another sample was taken for petrographic examination. By breaking down 
the inspection into such simple operations, quality control for large tonnage 
of materials was possible without the need for highly trained inspectors. Only a 
few experienced field materials engineers were needed to supervise the over-all 
operations. This was simply the adaptation of industrial quality control to 
construction operations. Without this system it would have been impossible 


to maintain the high degree of quality desired, with the fast schedule of opera- . 


tions. Results have been gratifying, and have shown the plan to be practical, 
workable, and efficient. 
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Cement investigation 


The cement investigation was limited to ascertaining that there would be 
sufficient material available when needed, and that the adjustment and shift- 
ing around necessitated by the aggregate problems were feasible. The cement 
was adequate in quantity and in performance, and no special problems de- 
veloped. All cement was reserved in bins for the toll highway, and was 
tested for compliance before shipment. 


Mix proportioning 
Mix calculations were made by each section engineer for the contracts 
he was administering, and for each class of concrete to be used, using ‘‘Rec- 
ommended. Practice for Selecting Proportions for Concrete (ACI 613-54).” 
To maintain reasonable uniformity, the field material engineers employed 
by the general consultant cooperated in this activity. In general, it was 
possible to keep the sand content at around 30 percent or slightly lower and 
thus obtain a concrete that has a minimum unit water content and the maxi- 
mum of the more durable coarse particles. Mix proportions were adjusted 
in the field for actual operating conditions after the batch or central mix 
plants started operating. 


Field laboratories 


Each section engineer maintained a field laboratory in which final gradation 
and cleanliness checks were made on the aggregate, and where mixes were pro- 
portioned. In addition, all checking and control of the actual production of 
mixed concrete, including preparation of concrete cylinders, yield tests, and 
air content determinations, were made or supervised by the field laboratory. 


_ Concrete laboratory 


The testing agency set up a fully equipped laboratory near the center of 
the project. This laboratory inspected and tested the aggregate, base, and sub- 

_ base production; collected, capped, and tested concrete cylinders; and sampled, 
tested, and certified for shipment all cement that was bin-sealed for the project. 
Operations were standardized to increase uniformity; unavoidable varia- 
tions were treated so as to make their effect constant insofar as possible. The 
same individual performed the same task from day to day, in the same pre- 
scribed manner. A specially fitted truck with padded boxes, each made to 
carry one pair of cylinders, maintained a regular schedule to pick up cylinders 
made in the field the previous 48 hr. The cylinders were tagged with special . 
metal tags with noncorrodible wires embedded in the concrete. These were 
coded and the cylinders were accompanied by a field sheet that gave all nec- 
essary information about the concrete from which the cylinders were made. 
This information appeared in the final cylinder strength reports. ‘Thus 
there was no possibility of mix-up except for errors made by the inspector in 
recording facts. When the truck returned to the laboratory, the cylinders 
were unloaded using an exact routine, and taken into the moist room. The 
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following morning they were taken out and capped in a prescribed manner, 
and then returned to the moist room until ready for testing. 

At set intervals, a cylinder was broken down completely to observe the type 
of break and appearance of the concrete. Unusually weak cylinders are also 
broken down in a like manner for inspection. Reports are distributed to the 
parties concerned the same day in most instances. _ 

The only variable left is in making cylinders and in handling them on the 
job until picked up by the central laboratory truck. Utmost uniformity was 
fostered through indoctrination of field personnel, constant checking, and 
as close coordination by the general consultant as possible. Notwithstanding 
all these precautions, there were definite and expected variations of significance 
attributable to this phase of the operation. The aim was to attain as uniform 
an operation as practical, without delaying the work for unnecessary refine- 
ments. 


Sampling of concrete 

For effective and economical sampling and testing, small samples must 
be taken at frequent and regular intervals. To make such sampling useful 
requires analyzing the variations to determine whether they are of statistical 
significance, or are only chance variations within the quality range established 
for the job. ‘ 


For the concrete on this project, samples consisting of two cylinders each — 


were taken at frequent intervals in accordance with a predetermined schedule 
as follows: 


1. Three pairs of cylinders, each pair taken from a separate batch, for each 2000 
sq yd of pavement, or fraction of this quantity placed each day. 

2. Three pairs of cylinders, each pair taken from a separate batch, for each 100 cu yd 
of structural concrete or fraction of this quantity placed each day. 


Two cylinders were taken for each set, instead of the usual three, so that for 
the same expenditure of energy and cost (six cylinders total), 50 percent more 
batches were sampled, thus adding statistically significant data without 
added expense. The plan was to test one cylinder of the first pair at 7 days 
and one at 28 days, one cylinder of the second pair at 7 days and one at 28 
days, and both cylinders of the third pair at 28 days. The 7-day tests prop- 
erly interpreted, indicated the probable expected 28-day strength. This per- 
mited adjustment of operations without waiting for the 28-day breaks in many 
cases. The third pair provided the range in strengths to evaluate uniformity 
in handling and making of the cylinders. In general, this program was based 
on the fundamental principles outlined in “Recommended Practice for Evalua- 
tion of Compression Test Results of Field Concrete (ACI 214-57).” 


Batching and mixing plants 

To attain the desired batch-to-batch uniformity, semiautomatic plants 
provided with electric moisture meters, recording charts, finish screening of 
aggregates immediately before discharging into the plant hoppers, and inter- 
locking gates, were specified for paving work, and for structural work in- 
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volving large volumes of concrete. The automatic feature is needed anyway 
‘in paving work to keep up with two dual drum pavers. The recording feature 
does not add much to the cost of the plants and provides a permanent record 
that can be studied as problems arise. Requiring automatic plants for the 
larger volume of structural work has made it advantageous to set up central 
concrete plants to serve several contracts from one plant. This has also 
reduced inspection and improved quality through fewer operations. On the 
Tri-State Tollway, four plants satisfactorily supply structural concrete for 


- 82 miles of roadway. 


EXAMPLES OF CONTROL 


Some examples of how this type of control operated during the first season 
will now be described. 

Control charts were kept for each contract and for each class of concrete in 
accordance with the ““Recommended Practice for Evaluation of Compression 
Test Results of Field Concrete (ACI 214-57).” <A typical chart is shown in 
Fig. 2. Both the 7-day and 28-day curves are plotted to permit an evaluation 
of the probable 28-day strengths from the 7-day results. This is necessitated 
by the speed of the work and the need of making decisions long before sufficient 
28-day strengths are available. 

The top half of the chart has the individual compressive strengths of sets of 

cylinders for both 7 days (shown by dotted lines) 28 days (shown by full 
lines). These curves show how many sets are below the specified strength, and 
therefore whether or not specification requirements were being met. From the 
7-day strengths it was possible, after experience with a given mix, to determine 
whether the 28-day strengths are likely to meet specifications. 
- The bottom half of the chart shows similarly the moving 5-set averages 
of the 7-day and 28-day strengths. For forecasting from the 7-day strengths, 
and for evaluating trends, this is more valuable than the curves in the top 
half of the chart. Operations were evaluated for each 30 sets of cylinders and 
adjusted accordingly, except where the 7-day strengths indicate the desir- 
ability of adjustments before results from 30 sets become available. 

Fig. 2 shows an actual operation on one of the contracts. This operation 
started under proper control from the beginning, in contrast to many others 
that required a period of adjustment. The chart represents the operation 
on one contract for Class M structural concrete. While the coefficient of 
variation of 14.4 percent for the first 30 sets of cylinders is only average, — 
100 percent of the strengths were above the 3000 psi specified for this class. 
This is in excess of the 90 percent required for compliance. By the time the 

first 40 tests on the 7-day breaks were available, it was evident that the mov- 
ing 7-day average had stabilized around the 3000 psi level, and therefore a 
reduction in cement would be justified. Although only twenty 28-day strength 


tests were available it was not deemed necessary to wait for the 30-set evalua- 


tion. A reduction from a cement content of 534 sacks per cu yd to 54 was 
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therefore allowed. The chart shows that the strengths dropped, but still 
met the specification requirements that 90 percent of the tests equal or ex- 
ceed 3000 psi. Further cement reduction was not possible under the speci- 
fications as 514 sacks per cu yd was the minimum allowed for this class of 
concrete. 


On the same contract and under the same supervision as the operation of 
Fig. 2 was some Class K structural concrete used for foundations and massive 
sections (Fig. 3). This class had a larger maximum size aggregate, lower 
cement content, and two sizes of coarse aggregate as against one size for 
Class M. On most contracts, the volume of Class K concrete was small. After 
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Fig. 3—Control chart for Class K structural concrete showing satisfactory control from 
a) the beginning 
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trying it for a short period, this contractor decided to use Class M instead 


and avoided batching two classes of concrete. Control was satisfactory from the 


beginning with a coefficient of variation of 16.2 pereent, not much different 
from the 14.4 percent obtained on Class M. Part of the difference can be 
accounted for by the variation introduced by the larger aggregate particles 
in the confines of the 6-in. diameter cylinder specimens. 

A third type of operation was one which started with the usual difficulties 
and then straightened out. In this case (Fig. 4), involving Class K concrete, 
many of the low strengths at the start were probably due to the larger size 
aggregate particles getting together in the cylinder and forming a honey- 
comb pocket. Such pockets were noticed in many of the broken low strength 
Class K cylinders. The inspectors were instructed to pick the 2-in. particles 
out as they were making the cylinders, but it took a little time for them to 
develop the skill to do the job effectively. From a rather high coefficient 
of variation of 17.8 percent for the first 30 sets, a remarkable improvement to a 
coefficient of 7.6 percent occurred in the second 30 sets, but finally settled 
to the real level of operation of 10.9 percent and 11.4 percent in the successive 
groups of 30’s. The over-all coefficient for the whole operation was 12.2 per- 
cent, which is better than average. A small drop in strength would most 
likely have resulted in more than three sets of cylinder strengths below 3000 
psi, and therefore outside the specifications. No decrease in cement content 
could therefore be allowed. An improvement in uniformity would probably 
have permitted such a reduction, with resulting savings to the contractor. 


Still another type of operation is shown in Fig. 5. This represents Class R 
concrete, used for prestressed members, with a requirement of 5000-psi com- 
pressive strength at 28 days, and a minimum of 90 percent of the tests to 
equal or exceed this level. After the usual starting difficulties, two things 
may be noticed: (1) an increase in average strength from 5171 psi to about 
5900 psi, where it hovered since; (2) a decrease in the coefficient of varia- 
tion from 13.1 percent to around 7 percent, with a good over-all coefficient 
of 10.7 percent. Those two changes indicate definite improvement in control. 


A reduction in cement could easily have been made and still have met speci- 


fication requirements. But the contractor elected not to do so because he 
wanted to take advantage of the faster gain in strength provided by the higher 
cement content to permit earlier stripping of the forms and moving of the 
beams off casting beds to increase production. In fact, after the 65th set of 
cylinders, a shift was made to Type III cement to speed up production. It 
might be worth thinking about the desirability of putting into prestressed 
concrete specifications some provision to permit the engineer to force a re- 
duction in cement if he finds it to the best interest of the owner. 

Fig. 6 shows an operation that was bad from the beginning. The strengths 
were low and remained so for a long period. It took a long time to convince 
everyone concerned that the cement content needed to be increased. Every 
possible other corrective measure was tried before going to a higher cement 


content at the 90th set of cylinders. The cement should have been increased 
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soon after results of the first 30 sets became available. Strangely enough, the 
coefficient of variation remained about the same irrespective of cement con- 
tent, ranging from 11.3 percent to 12.5 percent. The engineers became so 
conscious, however, of the importance of the cement content that they ex- 
perimented with water reducers, and the results of these tests show the short 
upward trend toward the end. 


It is gratifying that of some 50 contracts, most of which involve three 
classes of concrete, each starting in a different manner, with 23 different 
firms doing the engineering supervision, the end of the first season saw prac- 
tically all of them meeting the strength, water-cement ratio, slump, and air 
content requirements. Yet six different sources of cement and over 25 sources 
of aggregates were being used, introducing large potential variations. The 
advantage of reduction in cement was not used as much as it might have been 
because by the time the various operations were brought under control cool 
weather had arrived and it was feared that reduction in cement might bring 
about a great deal of trouble and unbalance the control that had been attained. 
Some of the better controlled contracts did, however, succeed in taking ad- 
vantage of such reductions. A few of the contractors were so close to finishing 
operations for the season that they preferred not to change, with the possible 
risk of upsetting their performance. : 


Additional information can be obtained from a careful study of the control 
charts. For example, differences in inspection and in making and taking 
care of cylinders in the field become apparent from these charts when concrete 
originates from the same plant, but is supervised by different groups. All the 
possible information that can be derived from the control charts is not yet 
apparent, but it is hoped that as additional data become available and are 
analyzed, much more can be learned about this phase of the work. 


CONCLUSIONS 


Although no definite conclusions and recommendations are justified from 
this short analysis of preliminary data obtained from beginning operations 
of many contracts, all trying to score some progress before cold weather, the 
following tentative statements are perhaps warranted: 


1. This type of control is workable as evidenced by the practically 100 
percent compliance with the strength and other concrete requirements be- 
fore the end of the first season. 


2. This type of control is realistic in providing tolerances that are reason- 
able of attainment by the contractor. 

3. This type of control is effective in reducing cement to the minimum 
required to meet the specifications for any given operation, improves uni- 
formity, and provides a tool to set up standards and to measure attainments. 

4. This type of control provides inducements to save cement. To take 
advantage of such saving, the contractor has to improve operating efficiency, 
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and by doing so finds it possible to reduce costs and to cut the time required 
to complete the work. 


4 It is felt that this type of control is a definite advance over a static minimum 
strength requirement and improves the quality of the work without being 
; burdensome. 
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Role of CEMENT in the 
CREEP of MORTAR 


By A. M. NEVILLE 


CREEP OF MORTAR SPECIMENS made with 15 different portland cements and sub- 
jected to a sustained compressive stress was measured over a period of several months. 
These tests, involving as many as 700 specimens, indicate that creep is approximately 
proportional to the ratio of applied stress to strength of mortar at the time of load applica- 
tion, regardless of the identity of the cement. The relationship between creep and the 
stress-strength ratio appears to hold good for both dry and humid storage conditions, pro- 
vided specimens are free from shrinkage. A wide range of stresses has been investigated 
and, for the mix proportions used, the stress-strength ratio seems to be the most important 
factor influencing the magnitude of creep. Cement fineness was not found to affect creep 
in the range tested. 


The paper reviews in some detail factors influencing strength of cement, and also discusses 
the creep data of other investigators in relation to the proposed creep versus stress-strength 
ratio relationship. 


CREEP IS AN INHERENT PROPERTY of concrete and no concrete structure 
subjected to a sustained load is free from the effects of creep; yet it is prob- 
ably the least well known property of concrete. The mechanism of creep has 
been discussed by the author in an earlier paper,' and the effects of creep in 
various types of structures and its importance in structural design have also 
been described by him? and need no further emphasis. 

Most attempts during the last 30 years to predict the magnitude of creep 
for any type of concrete were in the form of empirical relations between creep 
and some variable in the concrete mix proportions. This approach, probably 
due to the scarce theoretical background on creep, was unlikely to produce 
more than a fragmentary picture since it is generally difficult to alter only one 
variable in the properties of a concrete mix; thus the true cause of creep varia- 
tions may often have been obscured. 

Although the properties of the aggregate affect the creep of concrete as a 
whole, there is little doubt that it is the hydrated cement paste that is primarily 
responsible for creep.! For this reason it was thought that an investigation 
into the effect of the properties of cement on creep should prove useful; in- 
deed, such a relation might be revealing regarding the mechanism of creep. 

Existing information about the role of cement in creep is scarce, and is 
particularly difficult to evaluate since it is mostly qualitative as far as the 
properties of cement are concerned. Cements have often been described 
only by their type, and, as will be shown later, the differences in creep of 
cements of the same type can be considerably greater than between cements 
of nominally different types. 
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A. M. NEVILLE, lecturer in engineering, University of Manchester, England, has con- 
ducted considerable research on creep since 1950 and published several papers on the 
subject. Mr. Neville has also been lecturer in engineering at Canterbury University Col- 


lege, Christchurch, New Zealand, and the University of Southampton, England. 


The results of the tests published to date have been recently reviewed by the 
author.? The general conclusion which can be drawn is that creep seems to 
be inversely proportional to the rapidity of hardening of the cement used. 
Thus at a given age, creep would be in an increasing order for concretes made 
with the following cements: aluminous; rapid-hardening (Type III); standard 
portland (Type I); portland blast furnace; low heat (Type IV); and portland 
pozzolan. The order of the last three is not clearly established since the test 
conditions were not directly comparable.*:> It is well known that at the same 
age these cements have achieved varying proportions of their final strengths, 
and it seems logical that the more hardened the paste the more rigid it is and 
the lower its creep potential. Effects of the absolute value of the paste strength 
will be described later for portland cements. 


The present paper gives data on the creep of mortars made with 15 different 
portland cements and stored under carefully controlled conditions of tem- 
perature and humidity, and shows that the inherent strength of cement is a 
primary factor influencing creep. If this relation between creep and strength 
means that they are both affected by the same properties of the hydrated 
cement paste, then this should throw some light on the mechanism of creep 
and help in understanding its nature. 


INFLUENCE OF THE COMPOSITION OF CEMENT ON COMPRESSIVE 
STRENGTH 


The influence of the chemical composition of cement on compressive strength 
of mortar and concrete is of particular interest since, as will be shown later, 
creep and strength are closely related. 


One of the earlier observations relating to the strength development of 
cement concerned the rates of hydration of C38 and C.S—two silicates pri- 
marily responsible for the strength of hydrated portland cement.6 A con- 
venient, though approximate, rule assumes that CsS hydrates completely in 
the first 4 weeks while C.8 does not start its process of hydration until 4 weeks 
after the gaging with water;’ at about 1 year the two compounds, weight for 
weight, contribute approximately equally to ultimate strength.* Testing neat 
C;S and neat C.S8, Brown and Carlson® found the strength of each at 18 
months to be 10,000 psi; at 7 days C.8 had no strength while the strength of 
C©,8 was 6000 psi. 


Influence of the other major compounds of cement on strength development 
has been established less clearly. Gonnerman® observed that C3A contributes 
to the early strength of cement paste but causes retrogression later, particularly 
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in cements with a high C3A or (CsA + C,AF) content. Bogue and Lerch! 
_ considered C3A not to be a true cementitious material, and suggested that the 
influence of C3A was only a secondary effect in that the rapid hydration of 
CsA decreases the “effective” water available for hydration of the silicates; 
this may account for the apparent early positive contribution of Cz;A. C,AF 
was thought by Gonnerman® to be of little influence on strength. Davis? 
found the contribution of C,AF to be comparatively small but consistently 
negative. According to Lea!!, C,AF hydrates rapidly and develops some 
strength. Bogue and Lerch,'® however, confirmed the retrogression effects of 
C,AF and ascribed them to the colloidal hydrated CaO-Fe.0; deposited on 
_ the grains of the other compounds, thus delaying their reaction with water. 

Davis and co-workers,® and later Gonnerman,? tested many cements and 
on the basis of their results suggested an empirical formula for prediction of 
strength of cement paste at various ages, of the type: 


strength = a:(C,8) + b-(C28) + ¢-(C3A) + d-(C.AF) 


where the chemical symbols represent the percentage by weight of each 
compound, and a, b, etc. are constant parameters representing the contribution 
of 1 percent of the corresponding compound to the paste strength. 

The attractiveness of such a formula is immediately apparent and the 
prospect of easy strength forecast at the cement plant, instead of the tedious 
and slow briquet and cube tests, is appealing. However, while the influence 
of the silicates can be predicted reliably, unfortunately effects of the other 
compounds, as mentioned earlier, are not clearly established. According to 
Lea!2 these discrepancies may be due to glass formation in the clinker. 
Alumina and ferric oxide are completely liquefied at clinkering temperatures, 
and on cooling, crystallize into C;A and C4AF. The extent of glass formation 
would thus affect these compounds to a large degree while the silicates, which 
are formed mainly as solids, would be relatively unaffected. The glass may 
aiso hold a large proportion of “impurities” such as the alkalies? and MgO;" 
the latter is thus not available for expansive hydration. It should be remem- 
bered that the Bogue compound composition assumes that the clinker has 
crystallized completely to yield its equilibrium products. It is well known 
that the rate of cooling of clinker affects the degree of crystallization with a 
resulting varying amount of glass. The reactivity of glass is different from 
that of crystals of similar composition, and hence normally similar cements 
may show different strength development depending on the glass content. 


An interesting effect of the glass content was found in connection with some 
tests on the resistance of various cements to sulfate attack;"! contrary to ex- 
pectations, some cements with a high C3;A content showed a high resistance. 
- This was because C3A failed to crystallize during the cooling of the clinker 
and was predominantly present in the glass; thus the active C;A content was — 
considerably lower than that calculated by the Bogue method. The glass» 
‘content is also of importance as far as the process of the manufacture of cement. 
is concerned since glass seriously affects the grindability of clinker." 
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It seems, therefore, that the rate of cooling of clinker, as well as possibly 
other characteristics of the process of cement manufacture, affect the strength, 
and defy attempts to develop a formula of the type suggested by Gonnerman. 
Nonetheless, if one process is used and the rate of cooling is kept constant 
there seems to be a definite relationship between strength and compound 
composition. Indeed, this has been proved to exist by tests, as yet unpub- 
lished, at one particular plant. 


This possibility of additive properties of the compounds is of considerable 
interest since the structure of the set cement mass as a whole might be reason- 
ably expected to depend on the conditions of setting under which it is first 
established, and not only on the relative amounts and the specific individual 
properties of the compounds.'°:"? 


As early as 1934 Eiger!® observed that a graph of the degree of hydration 
versus strength plots one curve for a variety of cements, and he checked this 
relationship both in compression and in tension.'* Powers and Brownyard‘? 
extended this conception in their gel-space ratio hypothesis, according to which 
strength of cement is proportional to the cube of the ratio of the volume of 
the cement gel to the original space available, regardless of age, water-cement 
ratio, or identity of cement. They observed that the total surface area of the 
solid phase is related to the computed cement composition, and this com- 
position affects the value of the ultimate strength. Powers'® later thought, 
and here he is at varianee with Eiger, that all compounds in the cement hy- 
drate at the same fractional rate; this suggestion is highly controversial. 


Effects of the minor compounds have not been reliably established; they 
are generally thought unimportant as far as strength is concerned, although 
K.0 is believed to replace one molecule of CaO in C.8 with a consequent 
rise in C38 content above that calculated.!® Gypsum is unimportant provided 
the cement is properly retarded. Fineness affects the rate of gain of strength 
but generally not its ultimate value. 

From test data reviewed above it is impossible to state beyond any doubt 
a definite relationship between the characteristics of cement and its strength, 
nor is it possible to say with certainty what is the physical mechanism of 
strength of cement paste. It seems, however, that the physical properties 
of cement gel and its volume relative to the space available are the two vital 
factors. It will be shown later that creep of mortar is directly related to its 
strength, i.e., whatever the factors are which affect strength—be they com- 
pound composition of cement or degree of hydration—the same factors affect 
creep: the weaker the cement paste the greater is its creep capacity under a 
given load. Alternatively, a paste loaded to the same proportion of its strength 
exhibits approximately the same creep, i.e., creep would appear to be a func- 
tion of the relative amount of unfilled gel space, and it is possible that it is the 
voids in the gel which are responsible for both the relatively lower strength 
and higher creep. 
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EXPERIMENTAL DETAILS 


To test a large number of mortar specimens subjected to sus- 
tained loading it was necessary to devise a loading frame in which 
the load could be easily measured and kept constant. Hydraulic 
loading was considered too expensive and for that reason a lever- 
spring frame, working on the principle of a nutcracker was de- 
signed (Fig. 1). The frame has already been described in some 
detail.?° 


Specimens 


For the basic series of tests, mortar of fixed mix proportions 
was used; it had a water-cement ratio of 0.4, aggregate-cement 
ratio of 3.0, and Leighton Buzzard standard sand (similar to 
Ottawa sand) as aggregate. Thus quality (composition) of 
cement was the only variable, and, furthermore, the use of pure 
silica one-size aggregate meant that it was least likely to affect 
creep except in so far as the presence of aggregate represents 
an inert body dispersed in the cement paste. 

The specimens were 2 in. diameter cylinders, 914 in. long, their 
somewhat unusual height-diameter ratio being governed by the Fig. I—A loading 
minimum length necessary for measurement of creep on the one framie 
hand, and by the maximum diameter permissible for the stress 
desired, on the other. Since the object was to measure variation 
in creep rather than its absolute value, the shape of the cylinder was not thought to be 
important. 


_ Loading and curing conditions 


There were 24 loading frames. All specimens were loaded at 28 days and kept in one of 
four storage cabinets. Each cabinet was thermostatically controlled at 20 + 0.1 C, 
but the temperature of the room in which readings were taken varied sometimes by as much 
as + 2C. Humidity in the cabinets was kept constant by means of a bath containing a salt 
solution with the solid phase present, a fan aiding uniform distribution of humidity within 
the cabinet. CaCl.-6H.O gave a relative humidity of 32 percent (referred to as “dry’’) 


while the relative humidity of 95 percent (called “humid conditions”) was obtained by the 


use of water. Both temperature and humidity were continuously recorded. Wet and dry 
bulb thermometers graduated to 0.1C and placed in the vicinity of the fan were used for 
control purposes in the humid cabinets. 

All specimens were cured from the age of 24 hr (when stripped) at the same humidity as 
well as temperature as that at which they were subsequently to be stored under load. The 
method of curing all specimens under the same conditions as those under which they were 
subsequently stored under load is believed to have produced specimens nearly free from 
shrinkage, and thus the change in strain with time under load could be assumed to represent 
creep only. It may be relevant to note that in the past the majority of investigators have 
used unloaded control specimens whose shrinkage was measured; shrinkage of the loaded 
specimens was believed to be the same, and thus the total movement of loaded specimens 
adjusted by the shrinkage of unloaded companions was assumed to represent “true” creep 


An objection to this method is that, as far as we know, a creep-shrinkage interaction is not 
impossible. For instance, according to Pickett,” during drying shrinkage gel particles change 
” their relative positions, some making closer contacts while others separate. This distortion 


is random in direction and the amounts of “make” and “break” are equal. When, however, a — 
directional stress is added to the process of drying, a large resultant distortion occurs. This 


represents the increase in creep over that in a nondrying specimen. After the gel particles 
have acquired stable positions the rate of creep decreases considerably. 
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As will be seen later, for the two conditions of humidity used in the present series of ex- 
periments (with practically no shrinkage taking place) creep was found to be independent of 
humidity conditions. 


Control specimens 

As a check, conventional companion specimens were used for the majority of the loaded 
specimens, and, indeed, some shrinkage was measured. This varied between 2 X 10-° and 
8 X 10-5 for both the humid and the dry specimens, with the exception of Cement 2 when 
dry. The behavior of this cement under dry conditions was found to be in many respects 
anomalous and will be discussed more fully later. 


Cements used 

Fifteen portland cements were used; No. 1 to 8 were usual commercial cements manu- 
factured in England; No. 9 to 11 were specially produced in the United States. In addition, 
two of the cements were reground to two additional finenesses each, and also some tests were 
made on an aluminous cement (No. 12) for the purpose of a general comparison with the 
portland cements. Full data on the cements used are given in Table 1, from which it can be 
seen that the range used included not only ordinary and rapid hardening cements but also 
low-heat, sulfate resisting, and white cements. Table 2 gives the characteristics of the alumin- 
ous cement (No. 12). 


CREEP OF MORTARS MADE WITH VARIOUS CEMENTS AND SUBJECTED 
TO THE SAME STRESS 


From measurements of the variation in strain with time in the specimens 
subjected to a sustained load a family of creep-time curves was obtained 
for the various cements. All specimens stored under dry conditions were sub- 
jected to a stress of 1430 psi. For the humid condition two sets of specimens 
were tested, one stressed to 1430 psi, the other to 2150 psi. Tables 3 and 4 
give a summary of the creep data together with values of the compressive 
strength of companion specimens. 


For each test two to eight similar specimens were used to obtain reliable 
values. Needless to say, observed strains were not identical in all specimens 
owing to the inherent lack of homogeneity of a mortar mix and to the un- 
avoidable mix-to-mix variation. In most cases good agreement within each 
test lwas obtained, although for some cements the variation in strain was 
+ 5 X 10-5 from the mean. ‘This is rather smaller than the variation in 
strength within groups of similar specimens. 


As mentioned earlier, the shrinkage of companion specimens was always 
less than 8 X 10-5, and the creep values were therefore not corrected for 
shrinkage. Cement 2 under dry storage conditions proved an exception, 
and exhibited shrinkage of 13 X 10-° at 30 days after loading and 23 x 107° 
30 days later. For the sake of consistency the creep values for this cement 
were also not corrected for shrinkage. 


Creep values given in Tables 3 and 4 show that even within the group of 
the usual portland cements there are large differences in creep. For instance, 
creep strains of Cements 1 and 7, stored under humid conditions at a stress 
of 2150 psi for 120 days are 73 X 10-5 and 44 X 10-5, respectively, and yet 
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TABLE 1—PROPERTIES OF THE PORTLAND CEMENTS TESTED 


_ Gypsum | 
Bogue compound composition, Alkali content, | content Specific 
ment percent percent as ber | surface, Nominal 
. eent of | sq em description 
C3S C28 C3A CsAF Na2O K20 SO; phe g i 

il 42.2 25.3 15.6 6.9 0.18 0.87 2.13 3340 Ordinary 

2 23.1 40.0 15.3 9.1 0,23 1.37 2.85 3810 Ordinary 

3 37.2 29.6 14.9 Theil 0.18 0.92 2.53 3870 Ordinary 

4 37.3 31.2 300 16.6 0.27 0.57 3.08 4090 Sulfate resisting 
5 36.6 25.4 14.6 lal 0.21 0.87 2.64 3810 Ordinary 

6 32.6 36.0 13.8 6.0 0.25 0.63 2.38 4050 Ordinary 

th 35.0 36.5 12.5 5.4 0.16 0.60 2,24 3430 Ordinary 

8 50.1 26.5 10.7 7 ba | Osis 0.14 2.65 3830 White 

9 64.5 10.0 aaa Tho 0.08 0.23 1.88 3230 Rapid hardening 
10 41.0 39.0 3.7 10.0 0.33 0.01 1.88 3630 Low heat 
11 29.0 52.0 5.3 9.3 0.08 0.22 1.41 3480 Sulfate resisting 
2A Same as cement No. 2 4090 Reground 

2B Same as cement No. 2 4670 Reground 

7A Same as cement No. 7 3760 Reground 

7B Same as cement No. 7 4250 Reground 


these cements are both nominally classified as Type I cements and both were 
manufactured in England. 


At the beginning of this investigation it was thought that the differences 
in compound composition of the various cements would be clearly reflected in 
their creep behavior. Consequently, a multilinear regression analysis was 
made, but unfortunately, no such relationship between creep and the compound 
composition can be reliably postulated on the basis of results obtained for the 
11 portland cements tested. This does not mean that compound composi- 
tion has no effect on creep but it is suspected that there are other factors 
which modify the direct influence of chemical composition. The 11 cements 
used were manufactured at different plants from a variety of different raw 
materials: chalk and limestone; clay, shale, and marl. They also have un- 


_known temperature histories; in particular, they are likely to differ in the 
firing temperature and in the rate of cooling, and also in a variety of details 


such as amount of free lime, degree of carbonation, period of storage, and 
amount of surface hydration. The latter effect and other effects of exposure 
may be quite important in slowing down the rate of reaction, since it is known 
that undue exposure of cement may markedly reduce its early strength. The 
amount of free lime, as determined, is affected by carbonation due to ex- 
posure. Another effect of exposure of cement is the raising of its apparent 
specific surface since the products of hydration have a considerably higher 
surface area than unhydrated cement. The temperature history, with the 
consequent variable glass content of clinker, is believed to be the paramount 


TABLE 2—PROPERTIES OF THE ALUMINOUS CEMENT TESTED 
| 


| Oxide composition (percent) 


= Specific 
TiO2 MgO | R surface per 
: : i sq cm per g 


tNo. | 
Se ows all ALO; \2-Ca0'| |. FeO Fed 


1.01 3040 


| 
| | ; z Si 
12 : | 4.65 38.84 38.35 10.03 5.03 | 1.95 
= | 
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TABLE 3—CREEP AND STRENGTH OF MORTARS STORED UNDER HUMID 


CONDITIONS 
eae a = = els xs “ 
Stress of 1430 psi Stress of 2150 psi | Compressive 
strength, psi 
Cc 10-5 ; ? 
oe a , Creep eee coms Ratio Ratio 
t: iod und Stress a period under 
hy : - phe = load* ms as a per- Pa at 28 at 148 Sus Crm 
| centage ——| centage days days Sos Ca 
| of 28-day of 28-day 20 120 Ses Sus 
| strength 20 60 strength | days, 60 | days, 
| days days Cw | days | Cin 
1 35 25 40 52% 52 | 64 | 73 | 4080 | 5870 | 1.44 | 1.40 
2 38 30 Ad 57 50 65 73 3770 4990 1,32 1.46 
3 291% 27 33 44% 35 44 49 4810 5900 1.23 1.40 
4 27 22 30 40% 37 47 50 280 6900 1.31 1.35 
5 37% 22 29 56% 49 64 68 3810 5450 1.43 1.39 
6 32 24 35 48 45 59 65 4470 5670 1,27 1.44 
7 21 30 40 32 41 44 5350 1.25 1.37 
8 31% 22 35 474 47 54 58 4510 6100 1.35 1.23 
9 35% 32 44 47 6030 6050 1.00 1.47 
10 64 48 55 57 3370 5980 1.78 1,19 
1l 44 42 47 58 4910 6620 1.35 1.14 
12 29% 17 26 31 7270 7300 1.00 1.82 
*Load applied at 28 days. 
{ 
factor affecting cement properties. The effects of glass have been mentioned . 
q 


earlier. 
As an indirect check on the role of these unknowns a strength-compound 

composition analysis of the type used by Gonnerman® was made. The con- | 

tribution of C;8 was found to be highly significant, that of C28 and alkalies — 

significant, while CsA and C,AF were found not to contribute significantly 

(in the statistical sense) to the strength of mortar. For the mortars tested 

the strength in psi at 28 days was found to be: 


76.3 (CS) + 39.6 (CxS) — 583.5 (alkalies) 


where the symbols in brackets denote percentage of compound present, and 
the coefficients represent the contribution to strength of 1 percent of the 
appropriate compound. 

This equation cannot be compared with those of Gonnerman® since he dis- 
regarded the alkalies. Their influence on strength has not been previously 


TABLE 4—CREEP AND STRENGTH OF MORTARS STORED UNDER DRY CONDITIONS 


\ 


Creep (10-°) at a stress 


Stress of of 1430 psi after a Compressive stre i 
Cement 1430 psi as period nialie load* Z psi ne a , 
No, a ge be aa da tote San ieee 4 i ee pet Cw 
rs) ay ays, 60 da: 
strength cn " ee 
1 48 57 84 
2 53 113 152 1 1! 
3 42 45 67 f 1. 
4 55% 55 78 te 1 
5 52 60 81 1 “hy 
6 47 61 84 i; re 
7 64 54 6 1 iE 
8 88 88 133 1 1 
9 59 32 39 is ci 
10 95 74 115 ie ie 
1 8214 60 H ie 


for all points is identical with the line for 
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Fig. 2—Relation between the 120 
creep of mortars stored under 
humid conditions for 60 days 
and the stress-strength ratio 100 
(regression line for stresses of 
1430 and 2150 psi). See 

Table 3 


4 STANDARD MIX, STRESS=!430LB] SQ IN 
© STANDARD MIX, STRESS= 2150 LBISQ. | 
© STANDARD MIX,OTHER STRESSES 

@ OTHER MIXES 


80 


CREEP -10°° 


a 
oO 


20 


oO 20 40 60 80 100 
STRESS AS A PERCENTAGE OF STRENGTH 


observed, and is believed to be of interest. The high and low strength trends 
of the present equation and of those of Gonnerman are in agreement. 


A correlation of creep with the reciprocal of the strength at the time of 
application of the load was then made, and this showed a high level of sig- 
nificance, in most cases of the order of 0.1 percent. For humid conditions the 
relation between creep and strength for a given applied stress is unmistakable; 
a typical graph is shown in Fig. 2. For dry conditions the trend only is appar- 


ent; it is not clear whether this is due to an unreliable determination of strength. 


If, however, data for the dry condition are superimposed on those for the 
humid condition, as shown in Fig. 3, they all seem to correspond to one linear 


© HUMID 


& DRY 
cE) REF 20 


80 


8 


CREEP -10°* 


b 
e) 


Fig. 3—Relation between creep of mor- 
tars stored under load for 20 days and 
the stress-strength ratio (regression line ae 


20 40 60 80 100 


humid conditions). See Tables 3-6 STRESS AS A PERCENTAGE OF STRENGTH 
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relation between the creep and the ratio of the applied stress to the strength, 
the scatter of results being of the order encountered in most determinations 
of concrete properties. 

It is realized that if creep is a function of strength then, strictly speaking, 
the rate of creep at any time depends on the strength at that time, and the 
total creep should be calculated by means of an integral, with respect to time, 
containing a variable term for the stress-strength ratio. Such integration, 
preferably graphical, is tedious. Moreover, the rate of creep is greatest 
immediately on application of load, and the strength at that time will there- 
fore be of paramount importance. Some indication of the influence on long 
term creep of strength at a time subsequent to the application of the load 
can be obtained from Fig.4, which shows the relation between creep after 120 
days under load and strength of mortar at that time. 

Note in this connection that Glanville®* found that from the age of several 
months onward the rate of creep is independent of age at loading. This is in- 
terpreted to mean that while early creep is largely affected by conditions at 
that time, once the strength of the specimens becomes approximately constant, 
their rate of creep is the same. 


MAGNITUDE OF CREEP FOR DIFFERENT STRESSES AND FOR DIFFERENT 
MIX PROPORTIONS 


The tests described above were limited to two different stresses. To check 
the general validity of the suggested creep versus stress-strength ratio rela- 
tionship, mortars made with two cements—one of high creep, the other of 
low creep for the same stress—were subjected to a wide range of stresses. This 
was done both for the dry and the humid storage conditions. 

The results of these tests are collected in Table 5, and referring to that 
table and also to Fig. 2, it can be seen that the same general creep versus 
stress-strength ratio relationship holds good. The same creep can be ex- 
pected in mortars made with different cements, and consequently of different 
strength, if they are loaded to the same proportion of their strength. 

So far, the effects of varying the cement and the stress have been consid- 
ered, but in all these tests the mix proportions were kept constant. It was not 


Fig. 4—Relation between creep after 120 
days under load and the strength at that 
time for mortars made with different 
cements and stored under humid condi- 
STRENGTH LB/SQ.IN tions. See Table 3 


a 
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TABLE 5—CREEP OF MORTARS SUBJECTED TO DIFFERENT STRESSES 
a | Cree after 
Stress ; 
Cement Storage Sustained as a - — oe oe 
No. condition stress, psi percentage 20 60 80 
of strength days days days 
720 19 18 26 27 
2 1430 38 30 44 51 
2150 57 50 65 69 
; 2860 75% 70 87 90 
————| Humid 
830 15% 17 24 26 
rj 1430 aT 21 30 32 
1570 291% 26 34 38 
2150 40 32 4] 42 
2650 4914 38 51 55 
360 13 42 BT ; 58 
2 710 26% vel 98 100 
1070 40 102 135 139 
1430 53 113 152 162 
Dry 
360 16 17 24 24 
6 720 32 31 41 42 
1070 48 AT 60 61 
1430 64 54 76 79 


intended in the present investigation to study the effect of richness of mix or of 
mix proportions in general. Some attempts in that direction have been 
made in the past, notably by Lorman*4 and by Davis, Davis, and Brown,”® 
but considerably more work is required before these factors can be expressed 
in relation to the strength effects. 


Such tests can be done only with graded aggregate since aggregate of the 
Leighton Buzzard standard sand type permits only a small range of aggre- 
gate-cement and water-cement ratios. For this reason, only a few different 
mixes were used in the present tests, the water-cement ratio varying between 
0.40 and 0.52, and the aggregate-cement ratio between 3.0 and 3.7. Table 6 


- gives a summary of the mix and creep data, and it can be seen from Fig. 2 


that within the range of the mixes used, the general creep versus stress-strength 


‘ratio relationship holds good. 


It is important to note that the regression line in Fig. 2 was calculated for 
specimens of standard mix proportions and subjected to the same stress only. 


TABLE 6—CREEP OF MORTARS OF DIFFERENT MIX PROPORTIONS STORED 
UNDER HUMID CONDITIONS 


28-day Approximate Stress Creep (10-5) after a 
cylinder proportions Sustained as a period under load 
Cement strensth,. =< —________- —|_Stress, percentage = 
No. psi Water- Aggregate- psi of strength 20 60 80 
cement ratio | cement ratio days days days 

5350 0.40 3.0 1430 27 21 30 32 
5350 0.40 3.0 2150 40 32 41 42 
vi 3610 0.44 3.3 1430 40 38 44 45 
3350 0.47 3.4 2150 64 57 72 76 
2860 0.52 3.7 1430 50 39 50 52 
4 280 0.40 3.0 1430 27 22 30 33 
4 2380 | 0.40 3.0 2150 4044 37 47 50 
3930 0.44 B43) 2850 T22 65 86 93 
2650 0.52 3.7 720 27 21 28 30 


Cc 
ee 


Mu 


a 
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Thus the effects of varying either mix proportions or applied stress were not 
included in determining the “best” line. And yet, it can be seen that the 
points obtained in the present series lie very near the original regression line. 
This indicates that the effect of changing strength by use of a different cement 
or by varying the water-cement ratio, is the same as far as creep is concerned. 
Likewise, for a given stress-strength ratio creep is the same regardless of how 
stress and strength have been varied, provided their ratio is constant. 


In view of the above, it seems that strength of the specimen subjected to a 
sustained load is a primary factor in the magnitude of creep; for constant 
mix proportions and for a constant stress, creep is inversely proportional to the 
strength of the cement used. For different stresses the relationship may be 
expressed in a more general form: creep 1s directly proportional to the ratio of 
applied stress to the strength of the cement mortar, (the stress-strength ratio), 
regardless of the identity of the cement. For given mix proportions this seems 
to be a fundamental property of mortars, and it holds good regardless of the 
storage conditions, as long as the mortar is free from shrinkage. The fact 
that the magnitude of creep is an inherent property of all mortars loaded to 
the same fraction of their ultimate strength, and is independent of the ambient 
vapor pressure (as long as it is equal to that of the cement gel before loading) 
is of great importance. 


From the above data it appears likely that the relationship between creep : 
and the stress-strength ratio is a fundamental one, although its validity 
cannot as yet be assumed to extend outside the range of the mixes and the 
type of aggregate tested. . 


It seems that strength of mortar or concrete, as measured on a test speci- 
men, predicts one more property of the material—in this case creep—and 
hence justifies the belief that high strength concrete is, ipso facto, high quality 
concrete. It must not be forgotten, however, that high creep may often be 
beneficial. 


INFLUENCE OF FINENESS OF CEMENT ON CREEP 


Earlier tests on the influence of fineness of cement on creep have been re- 
viewed by the author,* and the important, though indirect, effect of gypsum 
content relative to fineness was noted. A cement with a gypsum content 
below the optimum would result in an early formation of tricalcium aluminate 
hydrate and a consequent increased creep.*° 


Provided a cement is properly retarded it would be reasonable to expect 
fineness to affect creep only in so far as it affects the rate of hardening of the 
cement paste. An attempt to verify this in the present investigation has not 
been wholly successful. Two cements were reground to increase their specific 
surface by some 300 and 800 sq em per g each, but at 28 days there was no 
significant difference in strength. The creep data are listed in Table 7, from 


which it can be seen that the creep is not appreciably affected by cement 
fineness. 
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TABLE 7—CREEP OF MORTARS MADE WITH CEMENTS OF DIFFERENT FINENESS 


. : 28-day ' Creep (10-5) after a 
Cement Specific | Storage cylinder Sustained period under load 
No. surface, condition strength, stress, 
sq cm per g | psi psi 20 60 80 
days days days 
2 3810 5350 50 65 69 
2A 4090 5400 50 72 ht 
2B 4670 5120 45 58 61 
Humid ——$—$—_—__—— 2150 
3430 5350 32 41 43 
7A 3760 5400 32 39 Al 
7B 4250 | 5120 28 37 38 
2 3810 2690 113 152 162 
2A 4090 2740 109 146 156 
2B 4670 2930 135 179 190 
Dry ————- 1430 
7 3430 2220 54 76 78 
7A 3760 2130 57 79 85 
7B 4250 2740 ; 42 63 69 
| 


One of the cements which had been reground, No. 2, showed what ap- 
peared to be abnormally high creep under dry storage conditions. The Ce- 
ments 2A and 2B (reground) showed the same high creep thus indicating that 
whatever the cause of the high creep it was not affected by an increase in 
fineness. 


It would be instructive to load similar mortar specimens at an early age, 
when the influence of the fineness on strength would be more marked. It is 
believed that the resulting creep would still conform to the general creep 
versus stress-strength ratio relationship. 


As far as the fineness of the original 11 cements is concerned (Table 1) no 
influence per se is apparent. It might therefore be tentatively concluded 
that, within the range tested, fineness is significant only in so far as it affects 
the rate of hardening of the cement paste. 


OTHER FACTORS RELATING TO CREEP 


Data of Tables 3 and 4 show no correlation between creep and the ratio of 
the strength of the mortar at the time of the application of the load to the 
strength at the time of release of load. Thus relative gain of strength is not 
in itself a factor in creep, although absolute gain in strength during the period 
when the specimen is under a given stress modifies slightly the creep-time 
curve. The relation between creep and strength at the time of load release 
is shown in Fig. 4. 


In connection with considerations of the strength ratios it is interesting 
that for the humid cured mortars made with the English cements, the ratio 
of strength at 148 days to the 28-day strength lies between 1.25 and 1.44, 
‘a comparatively narrow range. Likewise, the ratio of the creep after 120 
days under load to the creep after 20 days under load for the same cements — 
and storage conditions is between 1.23 and 1.46. The creep ratio seems to 
decrease as the strength ratio increases but this relation is only approximate 
and i is not believed to be of help 1 in predicting long term creep from short term 


976 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE March 1959 


ereep data. The small range of values of the creep ratio may, however, be 
of use in forming an estimate of the magnitude of creep at later ages. The 
small variation in the rate of creep after 20 days under load is shown by the 
fact that from that time onward the graphs of creep versus logarithm of time 
under load plot as straight lines of nearly the same slope for mortars made 
with different cements. 


Compared with humid storage conditions, the increase in the strength of 
dry specimens between 28 and 108 days is much lower—between 1.03 and 
1.15 expressed as a ratio, and the ratio of the creep after 80 days under load 
to the creep after 20 days is higher—between 1.42 and 1.68. The American 
cements, on the other hand, show a considerably higher gain in strength. 
This is of interest since their C.S content varies between 10 and 52 percent; 
little gain in strength would be expected in the cement with the lowest C25 
content. Thus the C.8 content does not seem to be the paramount factor 
in the gain of strength at later ages, at any rate for dry storage conditions. 


The range of the C.S contents of the English cements is comparatively 
smaller—between 25.3 and 40.0 percent—but even so the variation in relative 
gain in strength after 28 days seems very small. It would thus appear that 
while the chemical composition of cement largely determines the strength of 
mortar of given mix proportions, the gain in strength at later ages may not 


be a function of the C2S and C,S contents. These data would indirectly 


support Powers’!’ observation that all compounds in cement hydrate at 
the same fractional rate, in contradiction to the classical theories. 


Returning to the creep versus stress-strength data given earlier, it may be 
observed that for the dry condition, the postulated relationship between 
creep and the stress-strength ratio is not followed as closely as for the humid 
condition. This may be due to the influence of some other, as yet undetected, 
factor. In particular, Cements 9, 10, and 11 exhibit lower creep than would 
be expected; these cements are all of U. 8. origin, and possibly there is some 
common factor in their history which is responsible for this apparent lower- 
ing of creep in the incompletely hydrated state. There may be a connection 
between these creep characteristics and the fact that the same cements show 
considerably higher gain in strength after 28 days than do any of the English 
cements. However, in the present state of our knowledge, it is not possible 
to identify the cause of either the low creep or high strength gain of these 
mortars when stored dry. 


Behavior of Cement 2 


A far greater anomaly is represented by the creep of Cement 2 under similar 
conditions. Data have been carefully checked, and there is no doubt that 
mortar made with Cement No. 2 and stored dry exhibits exceptionally high 
creep. Mortars made with Cements 2A and 2B, obtained by regrinding 
of Cement 2, show similarly high creep. Likewise, creep values for this cement 


7 


oe ee 
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subjected to various stresses all conform to the proportionality of creep to 
applied stress for constant strength, but are all far in excess of the values for 
all other cements tested. 

It is significant that Cement 2 has also exhibited a high shrinkage. While 
all other mortars under dry conditions shrank less than 8 X 10-, the shrink- 
age of No. 2 (as well as 2A and 2B) was 13 X 10° at 58 days and 23 X 10° 
at 88 days; these ages correspond to 30 and 60 days under load, respectively. 
Powers,** referring to work by Verbeck, points out that shrinkage caused by 
carbonation, as well as by drying, increases with the alkali content of cement, 
and it is possible that creep is similarly affected. 

It must be repeated that the present investigation was not concerned with 
all the factors which may affect creep, but solely with the role of the cement. 
It is possible that some other factors influence creep in so far as they affect 
the strength of the mortar or concrete in a manner similar to the influence 
of the quality of cement. Creep and recovery tests are, par excellence, time 
tests, and consequently a long time is required both to collect and to analyze 
the data. It is hoped that with the aid of the apparatus which has been de- 
veloped further data on the influence of various factors in creep will be ob- 
tained. 


CREEP VERSUS STRESS-STRENGTH RATIO RELATIONSHIP AND THE 
RESULTS OF OTHER INVESTIGATORS 


It should be stressed again that the suggested relationship between creep 
and the stress-strength ratio is believed to hold good for a small range of mix 
proportions only and—since no experiments indicating otherwise have been 
made—for specimens of similar shape and size. Nevertheless, the relation- 
ship, if true, should hold good for suitable groups of test results obtained by 
other investigators. 

The suggested proportionality of creep to the stress-strength ratio im- 
plies, ipso facto, that for a given mix the creep is proportional to the stress 
applied. In the past this has been believed to be true only for stresses below 
about 30 percent of the ultimate, i.e., for the usual range of working stresses. 

Data obtained in the present investigation suggest that the proportionality 
holds good up to 75 or even 90 percent of the ultimate. It seems, however, 
that the creep-stress function does not necessarily vanish at the origin, and, 
therefore, the specifie creep (per unit stress) may not be constant. This 
threshold value may possibly be purely a matter of the least measurable 
strain. : 

Many data obtained in the numerous creep investigations do not include 
information on the strength of the specimens but only a description of the 


“««1-2-4 mix” type; in those cases no verification of the suggested relationship 


ean be obtained. On the other hand, Chatterjee” recently measured the - 
creep of similar concrete specimens subjected to a sustained stress of be- 
tween 55 and 83 percent of the ultimate_compressive strength. He calculated 


specific creep at various stresses, found it to increase with stress, and con- 
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cluded that creep was proportional to some higher power of stress. This 
author has replotted Chatterjee’s data (Fig. 5), and found that for ages 
greater than 3 days creep is directly proportional to stress in the range of 
55 to 83 percent of the ultimate, but that an extrapolation of the straight 
line would indicate no creep at very low stresses. This may be caused by the 
fact that creep during loading (a period of a few minutes) is not measured: 
such creep would represent the major part of the total creep at low stresses. 
That some creep takes place even at low stresses is shown by the fact that the 
stress below which the extrapolated curves of Chatterjee’s show no creep, is 
smaller the greater the time under load. Similar, although very small, change 
is exhibited by the curves of the present investigation. 

The data of Davis, Davis, and Hamilton*® summarized in Table 1 of their 
paper show, likewise, that creep is proportional to the stress applied, and the 
lines of creep versus stress plotted from their data indicate no creep for a 
stress lower than about 120 psi. The stress-strength ratio in their tests prob- 
ably does not exceed 50 percent. 


Shank*! measured short-time creep of specimens subjected to stresses be- 
tween 85.5 and 90.5 percent of the ultimate. He found the specific creep to 
increase with stress, but a replot of his data on the basis of total creep versus 
stress-strength ratio shows a linear relationship (Fig. 6). This line extended . 
would indicate no creep at a stress as high as 80 percent of the ultimate; it is 
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Fig. 5—Chatterjee’s data?’ 
for creep after different 
periods under load recalcu- 
lated to illustrate the creep 
50 70 versus stress-strength ratio re- 
STRESS AS A PERCENTAGE OF STRENGTH lationship 
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probable, and indeed, indicated by some of Shank’s data that another straight 
line relationship for creep versus stress holds good for stresses below about 
85 percent of the ultimate. The existence of two distinct creep-stress rela- 
tionships is confirmed by some of Evans’? data. Thus, it seems, a simple 
relationship between creep and stress holds good up to a high value of the 
stress-strength ratio, and the relation is more accurate for long term creep, 
which is of more practical interest. Stresses above some 85 or 90 percent of 
the ultimate are rarely met with, and generally lead to failure after a time 
under load. 


For short periods under load—of the order of minutes—creep seems to be 
proportional to a higher power of stress. This is indicated by some of Chat- 
terjee’s results,2? and more definitely by those of Glanville and Thomas,** and 
of Evans.??. 

Washa and Fluck*4 measured creep of concretes made with three different 
cements: ordinary portland, rapid hardening portland, and portland pozzolan. 
They observed that concrete made with the last-named cement exhibited 
creep for the longest time and still showed a considerable increase in creep 
between 2 and 1014 years. For the portland cements without pozzolan 
there was little increase in creep after 2 years under load. From a re-exami- 
nation of their data it can be seen that the portland pozzolan cement con- 
erete which showed a large increase in creep showed no increase in strength 

~ between the time of application of the sustained load and 104 years, while _ 
strength of the portland cement concretes increased considerably. This is of 
interest in view of the suggestion made earlier in this paper that creep is a 
function of the strength at all times under load. It may also be recalled that 
Glanville and Thomas** observed a constant rate of creep for long periods 

- under load in the case of aluminous cement concrete; the strength of concrete 
made with that type of cement is known to increase little with time. 


180 
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Fig. 6—Shank’s data*! for creep after 3 
hr under load recalculated to illustrate 60 —~ = a 
che: creep Versus stress-strength PoE ate SUSTAINED STRESS AS A PERCENTAGE OF 
Sal ; lationship ; a ; STRENGTH 
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Returning to Washa and Fluck’s** tests on portland cement concretes, 
creep after 2 years under load can be seen to be sensibly constant for a constant 
stress-strength ratio (based on the strength at the time of application of the 
load) for any one mix. It seems, however, that there is some inconsistency in 
the 28-day strength data for one of the water-cement ratios used (0.66), 
and for that reason the relation between creep after 1014 years under load 
and the strength of mechanically compacted actual creep specimens, as de- 
termined at 11 years, was investigated and showed good agreement with the 
postulated creep versus stress-strength ratio relationship. It may be recalled 
that such a relationship, based on strength at the end of the period of creep 
measurement, is only approximate. 


During the writing of this paper a translation of a recent Russian paper on 
creep was received** dealing with creep of concretes made with different cements 
and subjected to stresses representing the same proportion of the ultimate 
strength. As only three cements were investigated the general conclu- 
sions regarding the influence of the individual compounds seem rather bold, 
but it is interesting to note that while the specific creeps of the three ce- 
ments varied widely (2.3, 5.2 and 3.3 X 10-® per kg per sq em at 20 days) 
the total creeps for the same stress-strength ratio were of the same order for 
the three cements respectively: 30, 33, and 30 X 10-° after 20 days, and 124, — 
153, and 122 X 10-° after 660 days under load. Their strengths at 28 days 
were 257, 124, and 180 kg per sq em, respectively. The divergence at later 
ages may well be due to the different rates of gain of strength with time for the 
different cements, thus altering the effective stress-strength ratio. Individual 
points in the creep-time graphs show considerable scatter, and it is therefore 
probable that the experimental error would account for some of the variation 
in creep between concretes made with different cements. Allowing for this, 
creep seems to be reasonably constant for a constant stress-strength ratio 
regardless of the inherent strength of concrete. 


An indirect confirmation of the influence of the stress-strength ratio on 
creep may be obtained from the test data of Davis, Davis, and Hamilton.*® 
They found that creep of concrete loaded at 28 days and stored dry was twice 
the creep of similar concrete subjected to the same stress but stored wet. 
When the load was applied at 3 months the corresponding ratio of creeps was — 
equal to 3. It was also found that for dry storage creep was little affected 
by the age at loading. These phenomena may be explained by the fact that 
the concrete stored wet gained strength faster than the dry concrete, and 
that the ratio of strength of wet concrete to that of dry concrete would be 
greater at 3 months than at 28 days. For that reason the inverse ratio of 
corresponding creeps would be greater, too. 


, In view of thé above discussion it seems probable that for periods exceed- 
ing several days under load creep is proportional to the stress-strength ratio 
regardless of the identity of the cement, at any rate for mortars and some 
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concretes. At high stresses—of the order of 85 percent of the ultimate—creep 
may increase at a greater rate, and indeed, may lead to failure after a certain 
time under load. 


No data, other than those presented in this paper, are available to check 
the general relationship between creep and the stress-strength ratio for any 
portland cement. Indeed, a comparison of normal portland cement concrete 
with portland blast furnace cement concrete made by Ross* shows that the 
latter exhibits an inherently higher creep. The same applies to portland poz- 
zolan cement concrete tested by Washa and Fluck.*4 It must be remembered, 

~ however, that the relationship postulated in this paper applies only to the 
range of cements tested, i.e., to cements made from portland cement clinker 
without further addition of material other than gypsum. 


CONCLUSIONS 


Tests described in this paper cover only a narrow range of mortar mixes, 
and so conclusions drawn from them cannot, without further experimental 
evidence, be assumed to apply to all mortars. Nonetheless, it is possible 
to state that the strength of mortar as a function of the identity of cement is a 
primary factor in creep. For a given applied stress, creep is approximately in- 
versely proportional to the strength of mortar at the time of application of 
load. 


For different applied stresses, in mortars of the same strength, creep is 
proportional to the stress applied. This proportionality seems to hold good 
over a range of stresses between 20 and 80 percent of the ultimate strength, 
ie., up to a value considerably higher than hitherto believed. It appears 
thus that for mortars of fixed mix proportions but made with different ce- 
ments and subjected to different stresses the magnitude of creep can be ex- 

pressed as a linear function of the ratio of applied stress to strength of mortar. 
This stress-strength ratio is a basic factor in creep. 


These conclusions have been drawn from tests on mortars cured and stored 
at 95 and 32 percent relative humidity, and are corroborated by the author’s”® 
earlier tests, in which the relative humidity was 75 percent. It seems, there- 
fore, that the humidity of the surrounding medium does not affect creep, pro- 
vided mortar has reached hygral equilibrium with this medium before the 
application of the load, so that the effects of shrinkage are not superimposed 
on creep. This fact is of interest since in the past creep has often been re- 
garded as a function of the ambient humidity. The effects of humidity should 

not be neglected but its influence on creep seems to be only indirect, mainly 
in so far as curing conditions affect the strength of mortar. Humidity would 
also be of consequence in the possible interaction between. shrinkage and — 


creep. 


Pilot tests on mortars of varying mix proportions indicate that the same 
creep versus stress-strength ratio relationship holds good. It is not possible, 
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however, to state whether richness of the mix is also a factor in creep. This 
ean be established only from tests with a graded aggregate on a wider range 
of mix proportions. 

Tests on some of the cements reground to a higher fineness indicate that 
fineness is a factor in creep only in so far as it affects mortar strength. This 
conclusion requires confirmation over a wider range of finenesses, particularly 
for mortars loaded at an early age, when the effect of fineness on strength is 
greater. 

The relation between long term creep and creep after 20 days under load 
appears to vary comparatively little, and there are indications that this 
variation in creep and the increase in strength with age are related. This 
would be in agreement with the suggestion that creep is affected by the strength 
of the specimen throughout the period during which it is subjected to a sus- 
tained load. 


A re-examination of test results of many other investigators shows a general 
agreement with the proposed creep versus stress-strength ratio relationship. 
It is possible, however, that in short-time tests the coefficient of proportion- 
ality between creep and the stress-strength ratio is higher in the upper range 
of values of this ratio. Further tests are needed to clarify this point. 


The significance of the proportionality between creep and the stress-strength 
ratio lies in the fact that, since the instantaneous elastic strain is also approxi- 
mately proportional to the same ratio, the total strain seems to be greater 
the nearer the applied load is to the ultimate strength of the mortar. As 
a corollary, it would seem that the same strain corresponds to the failing 
stress in all mortars. This is the basis of the ultimate strain theory—a con- 
ception of failure increasingly prominent in design work of recent years. 
Data obtained in the present investigation indicate that the ultimate com- 
pressive strain of mortars of the type used is of the order of 0.002. It is 
realized that this figure is obtained by extrapolation, which, particularly 
in the region near the ultimate, is a delicate and somewhat speculative opera- 
tion. It may be interesting to remember that specimens subjected to a sus- 
tained stress a little below their strength are known to fail after a time under | 
load. This failure is probably caused by the increase in strain due to creep, 
the strain in the specimen finally reaching the ultimate strain value. 


As far as other practical applications are concerned, the knowledge that a 
lower stress factor leads to lower creep is of vital interest in prestressed con- 
crete work, as well as in many other types of structures in which the effects 
of creep are harmful. It is realized that the work described deals primarily 
with mortar but the results obtained can be logically expected to indicate the 


trends and the relative significance of the diverse factors in the creep of 
concrete. 
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Title No. 55-63 


design and 


construction of a 


Modern Parking Garage 


By WALTER E. RILEY 


HAUNCHED FLAT SLAB construction with round columns 
was used for a six-level parking garage built in Phoenix, 
Ariz. Approximately 137 x 200 ft, garage has ramps 
at a 12 percent grade. Traffic design, structural features, 
construction practices, and shrinkage cracking are dis- 
cussed. Camber was introduced into slabs by jacking 
the forms while they held the finished but unhardened 


concrete. 


@ Owners of valuable property in downtown Phoenix, Ariz., faced with the 
ever increasing problem of parking for tenants of their three office buildings, 
decided that a parking structure should be built. A survey was made, and 
it was decided that 375 stalls were required for the tenants and 60 short time 
parking stalls for visitors. Since the land available for the garage was approxi- 
mately 137 x 201 ft a six-level structure was required. 

To give the tenants complete freedom of movement it was decided to build 
a self-parking type of structure. The first floor (Fig. 1) was laid out so that 
one entrance would control the inflow and outflow of all cars to the basement 
and the five floors. Since the upper floors are for tenant parking only, with 
no tickets involved, no appreciable reservoir space was required at the ramp 
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entrance. The areas immediately to the right and left of the ramp provide 
sufficient reservoir space for the short time parkers who do use tickets. 

For a typical upper floor, stall widths average 8 ft 6 in. and lengths, 19 ft 
4in. Access aisles are 20 ft 4 in. and angle of parking is 60 deg. Unit park- 
ing depth is 59 ft. Since the property was only 137 ft 5 in. wide, special 
permission had to be secured from the city council to extend the floors 3 ft 
over the property line and over the alley. On the first floor this was not pos- 
sible, so all stalls are 1 ft 6 in. shorter than on the upper floors. A study of 
the turning radius of various automobiles indicated a 26-ft design radius would 
be adequate. Actual operation of the facility has proved this to be true. 


Ramps 

Ramps are one way, parallel straight type. They incorporate the adja- 
cent parking principle wherein part of ramp travel is on the access aisle. 
Grade is 12 percent. A typical cross section is shown in Fig. 2. Each end 
of every ramp is blended into the floor by using a 6 percent grade (Fig. 3). 


Interconnecting features 

A footbridge crosses the west end of the alley at the third floor and con- 
nects with the second floor of the 14-story Luhrs Tower. At the northeast 
corner an S-shape bridge spans the alley to the second floor of the 11-story 


Luhrs Building. This bridge spans over 25 ft and its ends are offset later-' 
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CENTRAL - MADISON BLOG. 


Fig. 1—First floor plan 
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WALTER E. RILEY, consulting engineer, Phoenix, Ariz., holds the dis- 
tinction of being a licensed civil, structural, and mechanical engineer. 
He writes authoritatively on the subject of flat slab construction having 


successfully employed this method many times. Mr. Riley has written 
a number of technical articles and, having conducted considerable re- 
search in thin shells, holds a number of patents on this method of con- 
struction. 


ally by practically the same amount, thus presenting some rather unusual 
problems of torsion. The elevator and stair tower serves both the garage 
and the adjacent Central Madison Building, with doors opening into the 
6 ft 9 in. wide strip used as a corridor for the Central Madison Building. As 
shown in Fig. 4, the second and third floors of the garage were off-set vertic- 
ally at the east end so as to be flush with the floor and roof slabs of the ad- 
jacent building. 


STRUCTURAL DESIGN 


The structure is haunched flat slab construction with round columns. 
Rather unusual story heights (Fig. 5) make feasible the use of the structure 
as a future office building since the ramps are structurally independent of 
the floors and may be cut out thus giving an interior lightwell. As shown in 
Fig. 1, typical floor bays are 31 ft 3 in. by 34 ft, which as far as is known 
appear to be the largest spans ever used for this type of construction. The 
north and south floor edges cantilever 13 ft beyond the columns. 

For the floors, 3750 psi minimum concrete was used. Live load was 80 
psf placed to give maximum negative and positive moments. The design 


-was by elastic analysis in accordance with the ACI Building Code (ACI 318- 


56). Moment distribution was used with stiffness factors and carry-over 
factors for the two way variable moment of inertia floor slabs determined 
by the column analogy method. 

In an effort to reduce plastic flow of the concrete in the underside of the 
slab at the columns and the resulting slab deflection, positive steel in the 
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Fig. 2—Typical ramp section : 
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Fig. 3—Ramp blending 


‘ 


39-9 3/53 2 (87-6 6-9 


LLEVATOR ol 
RAMP GIROER 


_ROOF 
See 
pi “se 
cots cts els !, ct cin H i Basen. 
Fig. 4—Longitudinal section 
370, 94:0 4270 25-5 12-0 324-90 13°O 
| | Riow | | jee | 
7H. aN 10-6 
10-6 
10-6 
12°6 
Ott 
10°0 


cts 1 eto \ ct> ets 
. 


AMP GIROER 
CoLuans Nor Srown 


Fig. 5—Transverse section 


> a 


MODERN PARKING GARAGE 2 0AL, 989 


column strips was extended past the column and lapped as shown in Fig. 6. 
At the cantilevers, every third bottom bar was extended to the end of canti- 
lever to reduce plastic flow of the underside of the cantilever with its resulting 
deflection. In the column strips, two-thirds of the top steel was concentrated 
in the middle half of strip to provide for the peak stresses occurring at columns. 
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Columns were made of 5000-psi 
concrete, and vary from 20 to 30 in. 
in diameter. Shear heads were used 
for all columns 26 in. or less in diam- 
eter as shown in Fig. 7. 

Footings are spread type, designed 
for a maximum soil pressure of 10,000 
psf on the coarse sand and gravel 
bearing stratum. 


Column below central ramp girder 
One of the unusual features is the 
first floor column at the bottom of the 
central ramp girder. Since the ramp 
girder is only 17 in. wide it was nec- 
essary to limit the column to 17 in. 
diameter so as not to interfere with 
ramp clearances. To carry the heavy 
load from the floors above, steel tube 
Fig. 7—Shear head was used as shown in Fig. 8. In- 
cidentally, the stirrups in the ramp 
girder shown in Fig. 2 were continuous for the full length of girders to provide 
for the possibility of severe axial tensile shrinkage stresses building up and 

impairing the diagonal tensile strength of the girder. 


Stair opening 

An interesting problem presented itself at the stair opening in the north- 
west corner. Ordinarily an opening as large as this and common to two 
column strips is completely framed to carry load to columns; however, this 
would have spoiled the clean lines of the structure. As shown in Fig. 9, 
part of the stair load and that portion of floor north of the column was carried 
by the floor cantilever A and then picked up by the floor cantilever B, a 
rather heavy concentration of reinforcing steel being involved. Apparently 


the approach was satisfactory as no cracks have shown up in any of the floors 
at this location. 


Drainage 


Roof drainage was taken care of by a conventional type of concrete drainage 
slab sloping to four drains; the slab was separated from the structural slab 
by a three-ply waterproof membrane using slip sheet technique. 


CONSTRUCTION 


No unusual features were encountered in the basement. There is no water 
table problem in this location so the excavation was made easily. As men- 


tioned previously, all footings rest on a coarse sand and gravel stratum which 
extends for a depth of over 100 ft. 
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Fig. 8—Special column at 
ramp entrance 
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Floors were not troublesome. Haunches were kept constant size for all 
five floors so that forms were reused with the only modification being a collar 
piece at the column to accommodate the reduction in column size in upper 
stories. Forms for columns were heavy paper tubes which were left on for 
several weeks and affected an excellent cure for the concrete. The floors were 
double shored to support the weight of the wet concrete and the construction 


- equipment. 


~ Total floor area of approximately 175,000 sq ft was built at a cost of $3.28 
per sq ft, or $1320 per stall. 


Floor camber 
Ordinarily, flat slab floor forms are built to a cambered outline as shown 
in Fig. 10 to provide for dead load deflection of slab. The finishing screeds 


are then set from the cambered form, thus giving a convex concrete surface. 


This is no particular problem with the usual flat plate or a slab with drop 
panels since it is easy to warp the form surface. With tapered haunches it 
becomes much more complicated as the haunch does not lend itself to warp- 
ing. 

Using shores of the adjustable type as shown in Fig. 11, it was specified 
that the floor forms would be built with no camber and after finishing, the 
central portion of each bay would be raised approximately 11% in. with the 
amount of rise decreasing as the haunches were approached. Theoretically, 
2 in. should have been used to allow for 1 in. sag of the supporting floor be- 


low and 1 in. sag of bay when shores were removed. However, it appeared 


—-* 
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Fig. 9—Stair opening 
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that 114 in. was the limit, as the forms would be subjected to too much rack- 
ing. After placing and finishing, the floor was then raised by means of a 
special jack attached successively to each shore thus lengthening the shores 
and raising previously finished floor. This method, utilizing the period be- 
tween initial set and final set of concrete, gave a satisfactory floor with rela- 
tively small deflections, although not quite as uniform as a formed camber. 
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Fig. 10—Camber usually built into forms 
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tected by a heat reflecting curing com- 


shown is quite reasonable. Along the 
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ARCHITECTURAL TREATMENT 


Exterior edges of the slabs and the corner pylons were wet rubbed with a 
carborundum stone to give a smooth texture and uniform color. No ties 
were permitted to extend through any members specified as architectural con- 
crete; thus the corner pylon forms were of special design. In one instance, 
the form bulged out about 114 in. which necessitated chipping and grinding.. 
Vinyl was added to the rubbing grout which also had a percentage of white 
cement in addition to the portland cement so as to give the same color as the 
rest of the concrete. 


CRACKING PROBLEMS 

Plastic shrinkage cracking 

Phoenix is in a desert area of the country and is subjected to extremely high 
temperatures and low humidity. The third and fourth floors of the garage 
were placed during midsummer when 
the temperature was up to 112 Fand posco vosirion 
humidity was down to 7 percent. This 
of course resulted in some _ plastic 
shrinkage cracking. Rapid drying of 
the surface is usually thought to cause 
these cracks; however, these surfaces 
were actually quite moist and pro- 


ies JACKED POS/TION 


pound applied shortly after finishing. 

The hairline cracks appeared mainly 
around the columns as shown in Fig. 
12 where the steel is concentrated 
near the top surface of slab. They 
showed up a few hours after finishing 
even in areas where the bleeding was Fig. 11—Shore 
copious; so it would appear that there 
is more to plastic shrinkage than 
rapid evaporation of water from the 
concrete surface. 


SueeoarrTing FLooRr 


Drying shrinkage 

Cracking due to volumetric shrink- 
age—drying out of the concrete—did 
not appear for several weeks. A 
typical pattern for the first floor is 
shown in Fig. 13. The pattern 


previously placed basement wall, the Bp ees 
slab is under almost total restraint to 
shrinkage; therefore the slab cracks 


sufficiently to equal the shrinkage Fig. 12—Plastic shrinkage cracks 
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Fig. 13—First floor shrinkage cracks Fig. 14—Typical floor shrinkage cracks 


contraction. Even at transverse construction joints the pattern did not 
change much. Based on four 1/64-in. cracks in a distance of 31 ft 3 in., the net 
coefficient of shrinkage is 0.00016. On the column line in the central portion of 
the 34 ft span, the slab reduces to 8 in. thick; it is natural to expect the shrink- 
age cracks to concentrate here since the negative bending stresses of the slab 
action are additive to the shrinkage stresses. Relative rigidity of the supporting 
columns compared with the basement wall is indicated by reduction of the num- 
ber of cracks in the 34-ft span. The basic pattern of cracks for the remaining 
floors is shown in Fig. 14. 

The writer is confident that the day will come, perhaps in the not too dis- 
tant future, when we will not have the present problem of shrinkage cracking. 
If the cement technologists could develop an economical cement additive 
which will swell as the mixing water is reduced by normal evaporation and 
hydration, our troubles would be over. The Russians apparently have been 
doing some work on this problem* but I hope we do not have to wait for them 
to find the complete answer. 


CONSTRUCTION CREDITS 


The author was architect and engineer for the parking structure. Con- 
tractor was T.G.K. Construction Co. of Phoenix; Ken Hill was the general 
superintendent. The garage is owned by Luhrs Properties, Inc. 

*Mikhailov, V. V., ‘New Developments in Self Stressed C te,"’ Proceedings, Worl f 
stressed Concrete, San Francinoo, 1957, pp. 25-1-25-12. ppt Perens 0 er ee 
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Discussion of this paper should reach ACI headquarters in triplicate by 
June 1, 1959, for publication in the Part 2, September 1959 JourNAL. 


CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 


Competition for the design of the Wein- 
land Bridge, Switzerland 
P. W. Asetzs, Civil Engineering and Public Works Re- 
view (London), V. 53: Part 1, No. 621, Mar. 1958, pp. 
293-296; Part 2, No. 622, Apr. 1958, Part III, No. 623, 
May 1958, pp. 554-556 
Reviewed by GunHARpD-AgsTIUS ORAVAS 

An excellent survey of all designs sub- 
mitted in the competition. Individual types 
of bridges are critically reviewed and con- 


struction of the winning design described. 


Continuous composite girder (in Japa- 


nese) 
Yosuio TacurpaANa and Kazuo Konpo, Journal, 
Japan Society of Civil Engineers (Tokyo), V. 43, No. 
12, Dec. 1958, pp. 37-42 
Reviewed by KryosHi OKApA 
Reports briefly two of the continuous 
composite girder bridges recently built in 
Japan: one is a two-span bridge with span 
length of 20.8 m and the other a three-span 
bridge with span lengths of 12.85 m, 15.00 
m, and 12.85 m. Presents some results of 


tests of model girders. 


Design 


Reinforced concrete design (Bemess- 
ung im Stahlbetonbau) 


Supplement to the 6th Edition of Specifications of the 
German Committee for Reinforced Concrete (Bestimmun- 
gen des Deutschen Ausschusses fiir Stahlbeton), Wilhelm 
Ernst and Son, Berlin, 1958, 57 pp., 6 DM 


Reviewed by J. F. LeppMANN 

Column and beam design formulas and 
procedures, including tables and graphs, 
which were’selected some time ago from the 
works of several authors (Léser, Morsch, 
Pucher, etc.) for the annually published 
manual, Betonkalender, are presented as 


are not available through ACI. 


German Industry Standard DIN 4224. Their 
exclusive use in connection with Standard 
Specification DIN 1045 is recommended by 
the Committee because of their simplicity 
and clear arrangement and because they re- 
quire no high degree of arithmetical precision 
and are easy to check. 


Influence of column hoops on com- 
pression members (in Spanish) 
Minister or Pustic Works, Revista de Colegio de In- 


genpers, de Venezuela (Caracas), No. 269, Aug. 1958, 
ae Reviewed by JosEPH J. WADDELL 

According to the author, column hoops 
perform four principal functions: 

1. Absorb the shearing stresses produced 
by the thrust in the panel points of the struc- 
ture. 

2. To prevent the longitudinal reinforce- 
ment from moving. 

3. Prevent buckling of the longitudinal 
bars. 

4. Increase the strength of the column in 
combination with the longitudinal reinforce- 
ment, provided they are within certain limits 
of spacing and definite quantities. 

An analysis is made of the limits of spacing 
to avoid buckling (Item 3) and of the action 
in increasing the strength of the member 
(Item 4). 


The (Der Shanley- 


Shanley effect, 
Effekt) 


FrrpInanp Scuunicuer, Der Bawingenieur (Berlin), 
V. 32, No. 12, Dec. 1957, pp. 449-458 
Reviewed by Aron L. Mirsky 
This paper, on inelastic action of metallic 
columns, is noted here for information pur- 
poses, pertaining as it does to a phase of 
structural engineering which is still in the 
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formative stage. It is based on a lecture by 
the late author in connection with a refresher 
course in reinforced concrete construction at 
the Milan Polytechnic, May 29, 1957. 


Domes in unreinforced masonry (Les 
coupoles en magonnerie non armée) 
P. Bouretoup, Annales des Ponts et Chaussées (Paris), 
V. 128, No. 4, vores 1958, pp. 429-503 
eviewed by Aron L. Mirsky 

In the first part of this work, stability of 
large unreinforced masonry domes is in- 
vestigated. Certain types found suitable for 
architectural use are more fully investigated 
in second part. Advisability of using hoops in 
certain cases is brought out. Paper is well 
illustrated, particularly in second part, with 
photographs, drawings, and analyses of ma- 
jestic domes on some world famous struc- 
tures (which, incidentally, shows that the 
ancients knew a thing or two). 


Materials 


Note on water penetration inside a 

particle of clinker (in French) 

A. R. Svernnerz, Revue des Matériaux de Construction 

A tclthgoniaad Publics (Paris), No. 509, Feb. 1958, pp. 

Reviewed by Pariur L. MeLviLte 

A statistical study of depth of water pene- 

tration during hydration and resulting heat of 

hydration, including 11 references. 


ASTM standards in building codes 
American Society for Testing Materials, Philadelphia, 
1958, 1060 pp., $8 

This volume, containing over 200 stan- 
dards in their latest form, is a new edition of 
the compilation of ASTM standards found in 
building codes. It includes 18 standards 
not previously included in the original 1955 
edition or its 1956 supplement. 


Ordinarily these standards are scattered 
among the several volumes of the ASTM 
Book of Standards; therefore, in combining 
all such reference standards under one cover, 
this compilation should prove particularly 
handy. 

Topics covered include admixtures, aggre- 
gates, asbestos-cement products, brick, build- 
ing constructions, cement, and clay tile. 
Also included in the compilation are: con- 
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crete; concrete masonry units; copper and 
copper base alloys; fire tests; flash tests; 
gypsum; iron; lead and lead alloys; lime 
masonry mortar; natural building stone; and 
pipe and drain tile (nonmetallic). Plastics; 
refractories; soils; steel; testing methods; 
thermal insulating materials; wood and wood 
preservatives are among those topics covered. 


Hydraulic value of slag from the be- 
havior of the blast furnace (in French) 
J. Roquesorrre, Revue des Matériaux de Construction 
et de Travaux Publics (Paris), No. 512, May 1958, pp. 
soba: Reviewed by Puriiip L. MELVILLE 

Twenty-one samples of slag from a given 
ore-producing grade of pig iron were ground. 
Activity of the slag was found related to 
fineness. A second series of tests was made 
on 52 samples from one furnace, ground to 
the same fineness. It was found that the 
temperature of topping out of the slag de- 
termines initial reactivity and that topping 
out temperature, density and the CaO/SiO, 
ratio are closely related. Chemical criteria 
were found reliable in evaluating hydraulic 
properties. 


Precast Concrete 


Utilization of large precast panels in 
the construction of residential buildings 
(in Russian) 
G. F. Kuznersov, Beton t Zhelezobeton (Moscow), 
July 1958, pp. 249-258 

Reviewed by D. WarstTEIn 

The author states that the method of con- 
struction which uses large precast panels as 
framing members is now entering a new 
phase of development in the USSR. This 
method is becoming a means of large scale 
residential construction, as well as in con- 
struction of school, hospital, and other build- 
ings. 

At present three new fabrication methods 
being developed in industrial enterprises are: 
(1) a process involving vibration and rolling 
with the forms moving as an endless belt- 
conveyor; (2) a process in which the in- 
dividual forms attached to a conveyor pass 
under a rolling machine; and (3) a process in 
which a movable rolling machine passes over a 
stationary form. Thin shell precast con- 


B 


structions are being produced by vibratory — 


ae 


_ variety of shapes. 


CURRENT REVIEWS 


and rolling process in which the thickness of 
the shells ranges from 0.6 to 0.8 in. 

The author stresses the importance of using 
locally produced lightweight aggregates to 
combine the economy of lightweight and 
simplicity of casting by means of solid slab 
panels. 

Cost of reinforced concrete per square foot 
of living area in panel framed building is 
significantly reduced compared with con- 
ventional reinforced concrete. Author esti- 
mates that the cost of all reinforced concrete 
elements in a precast panel building ranges 


from 15 to 20 percent of the total cost per 


square foot of living area. 


Concrete pipe handbook 
Howarp F, PreckwortH, Ameridan Concrete Pipe 
Association, Chicago, 2nd Edition, 1958, 499 pp. 

This second edition brings up to date a 
wealth of engineering data and technical in- 
formation pertaining to concrete pipe. Chap- 
ters are included on manufacturing, specifi- 
cations and tests, bedding and backfilling, 
loads on underground conduits, hydraulic 
design of culverts, run-off, jacking of pipe 
lines, etc. Numerous data sheets, tables, and 
example problems are included as in the first 
edition. 

A new chapter on autogenous healing of 
concrete is included as well as an additional 
appendix section on design and installation 
criteria for reinforced concrete pipe culverts. 
Pertinent ASTM standards are also reprinted 
in the appendix. 


Fundamentals of concrete crossties 
(Grundsdtzliches zur Betonschwelle) 
Hermann Meter, Beton- und ats oak (Berlin), 
V. 52, No. 6, June 1957, pp. 129-13 
Reviewed by Vaupis Lapsins 
Extensive experiments conducted at the 
Technical College in Munich to study the 
performance of concrete in use as railroad 
erosstie material. Main advantages of con- 
erete are reported (1) resistance to weather- 
ing, (2) high compressive strength, and (3) 
Disadvantages, such as 
weight, tensile strength, and form adjust- 
ment can be fully or partially overcome by 
means of design and construction. Paper 
also fully describes theoretical as well as 
practical considerations in tie loading and 
_ design. A word about the concrete used in 


a 


V4 = 


997 


prestressed concrete crossties is found in 
Beton- und Stahlbetonbau, V. 52, No. 7, July 
1957, pp. 166-168. 


Prestressed Concrete 


Prestressed concrete ... where do we 
stand? 


Artuur M. Jamgs, Consulting Engineer, V. 11, N 4, 
Oct. 1958, pp. 98-102, 104, 106 " 


Reviewed by Aron L. Mirsky 


An interesting survey of prestressed con- 
crete’s past (the human failing of overdoing 
in the first flush of enthusiasm over a new 
development is mentioned), present (the 
current status in codes, textbooks, materials, 
production facilities is discussed), and future 
(the need for testing facilities and model 
laboratories is stressed ). 


Latest in prestressed concrete construc- 
tion (Neuere Entwicklung und An- 
wendung des Spannbetons mit Aus- 
fihrungsbeispielen) 
Hans Wirtront, Beton- und ea a: (Berlin), 
V. 53, No. 4, ‘Apr. 1958, pp. 73- 
pees by VauLpis LApPsINs 

Describes construction of numerous bridges, 
tall buildings, and underground structures 
which were completed in prestressed concrete. 


Specifications for prestressed concrete 
(in Spanish) 
JorGrt GONZALEZ VALLENILLA, Revista de Colegio de 
Ingenieros de Venezuela (Caracas), No. 269, Aug. 1958, 
pp. 25-27 
Reviewed by Josepu J. WADDELL 

First the author clarifies the meaning of 
several Spanish language terms used to de- 
scribe pretensioned and post-tensioned pre- 
stressed concrete. The balance of the article 
is a translation into Spanish of the specific- 
tions for prestressed concrete of the Pre- 
stressed Concrete Institute, Feb. 1, 1957. 


Post-stressed concrete gasholder tank 


at York 
T. ALBoNE and H. E. Mannine, J'he Structural Engi- 
neer (London), V. 35, No. 7, July 1957, pp. 252-255 
Reviewed by C,_P. Srmss 
Describes design and construction of cir- 
cularly prestressed concrete tank 165 ft in 


_ diameter, 34 ft deep. The upper 22 ft of the 


wall was post-tensioned by externally applied 
0.276 in. diameter wires in cables of four 
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wires each. Tensioning was by the Magnel- 
Blaton system and jacking points were 180 
deg apart for a given cable. 


Properties of Concrete 


Elastic and permanent compression 
strain of concrete in rapid testing 
(Elastische und bleibende Zusammen- 
driickung des Betons) 
L. Bonzex, Zement-Kalk-Gips (Wiesbaden), V. 10, 
No. 10, Oct. 1957, pp. 421-429 
Reviewed by H. H. WeRNER 
The author first discusses the general prin- 
ciples and the tests that have been carried 
out in this field and thence proceeds to de- 
velop a program for further tests. Equa- 
tions were established for the relationship 
between the modulus of elasticity in com- 
pression and the compressive strengths for 
different conditions of storage. The tests 
showed that in the range of working stresses 
the permanent compression strains and 
also the compression strain at failure in the 
rapid test are independent. of the compressive 
strength. To explain these phenomena, ques- 
tions of pore space and the binding of water 
by concrete under different conditions of 
storage and curing are exhaustively dealt 
with; the relationship between the above- 
mentioned quantities and the changes in 
compressive strength and elastic properties 
is considered in some detail. 


Freezing-thawing durability of plain 
concrete (Die Frostbestandigkeit von 
Massenbeton) 
J. Orru, Schweizer Archiv fiir Angewandte Wissen- 
schaft und Technik (Solothurn), July 1957, pp. 215-230 
eviewed by Parrick oh Murpny 
In this informative article Mr. Orth con- 
tinues his discussion of the factors affecting 
the freezing resistance of concrete. Here he 
treats in turn: bond between cement paste 
and aggregates; size and grading of aggre- 
gates; mixing and placing of concrete; and 
admixtures and test procedures. Each of 
these is discussed in detail. The effect of 
such variables as aggregate mineral com- 
position, age of concrete, gap versus con- 
tinuous grading, type of cement, air-entrain- 
ing and antifreeze agents on concrete dura- 
bility as determined by the sonic modulus is 
well illustrated with curves of numerous 


March 1959 


freezing-thawing tests. The freezing-thawing 
cycle consisted of 12 hr in air at —25 C or 
—30C, and then 12 hr in water at 18 cS 
Prior to testing, the specimens were stored 
in a moist room at 18 to 20C until they 
reached an age of 21 days. 

Mr. Orth stresses the proper cement- 
water ratio and optimum amounts of admix- 
tures. An excess of the latter can reduce the 
concrete durability under certain conditions. 
In addition, he emphasizes the importance of 
test materials and environment corresponding 
as closely as possible with the actual field 
conditions if laboratory research is to be use- 
ful. 


General 


Structure and architecture 
Architectural Science, No. 2, 1957, Sydney University 
Extension Board, Sydney, Australia, 200 pp. 

A symposium of a series of 12 lectures con- 
cerned with structure and architecture. Con- 
taining contributions from architects, struc- 
tural engineers, and builders, the symposium 
is divided into’ three sections: mechanics, 
aesthetics, and construction. 


Buildings for research 
Eprrors oF Architectural Record, F. W. Dodge Corp., 
New York, 1958, 232 pp., $9.50 

A compilation from Architectural Record 
on the design of research facilities. The first 
section features a broad discussion of general 
laboratory planning and design objectives. 
This is followed by a section in which 44 re- 
search facilities are described in such fields as 
nuclear, industrial, biological, electronic, 
chemical, university, and military. 

Many of these presentations give the 
reader an awareness of the problems and 
equipment involved in research facilities. A 
few presentations are so cursory that they 
are of little value. 

‘Since there can be no standard model for a 
research laboratory—each design is dictated 
by the operation it houses—it is not surpris- 
ing that the book does not go into the com- 
plicated details of structural, mechanical, 
and utility requirements and design. It is, 
however, a good over-all presentation and 
should serve as an introductory text to be 
read by a designer or owner before starting to 
plan any specific research laboratory. 


DISCUSSION, PROCEEDINGS V. 55 


Discussion of papers published in the July through September, 1958, 
JOURNALS appears in the concluding pages of this March issue, as the 
Institute continues its quarterly publication of discussion. Papers published 
October through December, 1958, will be discussed in the June 1959 issue; 
discussion of papers published January through March, 1959, will be published 
in Part 2, September 1959 ACI JOURNAL. April through June discussion 
will appear in Part 2, December 1959 along with index and errata for V. 55. 


Dise. 55-4 


. . Discussion of a report by ACI Committee 711: 


Minimum Standard Requirements for Precast 
Concrete Floor and Roof Units (ACI 711-58)" 


7 Discussion by Messrs. A. G. Grafflin, Angel Herrera, and the Committee 
2 will appear in the June 1959 ACI Journal. 

Pre & 

L, *ACI Journat, V. 30, No. 1, July 1958 (Proceedings V. 55) p. 83. 

- 
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ig Disc. 55-10 
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, Discussion of a report by ACI Committee 622: 

e k* 

_ Pressures on Formwor 

; 


Discussion by Charles Macklin, M. R. Montgomery, Rolf Schjodt, and 
Wassil Weleff together with closing comments by Committee 622 will 
appear in the discussion section of the June 1959 Journal. 


#ACI Journat, V. 30, No. 2, Aug. 1958 (Proceedings V. 55), p. 173. 
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Disc. 55-6 


Discussion of a paper by Donald D. Meisel, Cyril D. Jensen, and Walter H. Wheeler: 


Load Test on Flat Slab Floor with Embedded Steel 
Grillage Caps” 


By G. H. BEGUIN and AUTHORS 


By G. H. BEGUINT 


le 
“ 7 


The authors are to be thanked for reporting their test results. Though 
these tests aimed mainly at acceptance of the completed structure, the data 
published warrant the following remarks. \ 


Deflection—the increment due to additional loading is rather erratic be- 
tween 34A and A. It seems that the forces in the slab go from one equilibrium 
distribution over to another. 

SR-4 gages—such strain measurement on a concrete surface is not very 
reliable because of the short gage length and the erratic occurrence of minute 
cracks over this length. In contrast to the smooth variation of the deflec- 
tions, the stress increments, recorded on reinforcing steel, caused by load 
increments are quite irregular. The decrease noted between C and C+24 
is not easy to explain. 

Channel—The stress versus load diagram based on the authors’ data has 
been drawn in Fig. A. There appears to be a definite axial force superim- 


measured stress 
—— 


measured stress 


. a ZF ig. A—Stress versus load diagram for the channel, based on data by the authors 
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posed on the bending moment. Data obtained at a similar structure* in- 
dicate also the presence of such a “membrane” action in the vicinity of the 
column. And our understanding of the structural behavior of the grillage 
cap would have gained somewhat if SR-4 gages had been placed on other 
channels. 

Unhappily the authors do not mention anything about the critical points 
with such connections, i.e., the bond and shear stresses at the concrete-channel 
interface. 


AUTHORS’ CLOSURE 


The authors appreciate Professor Beguin’s discussion. He has raised some 
interesting questions. For clarification, Fig. B and Fig. C, stress diagrams 
for the 13 gage lines, are submitted. 

Deflections—When Load B was added, the deflection at Point 10 doubled, 
and at the center of Bay 2 and Bay 4 it increased about 12 percent. However, 
the deflection at Point 9 decreased slightly after 24 hr. When Load C was 
applied the deflection at Point 10 decreased about 2!% percent and at Point 
9 it increased about 53 percent. Table A shows the immediate and 24 hr 
decrease in maximum deflections at significant points after removal of all 
load. Bay 2 was under full load for approximately 2 weeks and all other 
bays for shorter periods. : 


TABLE A—PERCENT DECREASE IN enact DEFLECTIONS 


Location q Bay 2 . Bay 3 Bay 6 Bay 7 . Point 9 Point 10 
Immediate | 60 ee | 70 80 | " 88 
aa eS tad ae 
Recovery after 24 hr | 87.8 | 87.7 . “a 79 Voges eal 92.7 
| : : 


93.5 ; 83 


Point 9 is between Bays 2 and 3 and midway between Columns U6 and U7. 
Point 10 is between Bays 2 and 7 and midway between Columns U6 and W6. 
The decrease in deflection at Point 9 when Load B was applied, and the 
decrease in deflection at Point 10 when Load C was applied, are the result of 
balancing loads on adjacent bays. The lag in recovery after removal of load 
shown in Table A was also noted in the load test that was made some years 
ago on the U. 8. Appraisers Stores Building, Baltimore.t The reduction in 
unit stresses at Load C after 24 hr are the result of balancing loads and in 
the lag in adjustment of the slab to the changed loading. The deflection of 
Bay 6 at Load C plus 24 hr was 0.057 in. greater than for Bay 7. The im- 
mediate recovery of Bay 6 was much less than for Bay 7, but the recovery 
24 hr after load was removed was greatest. Bay 6 bears on a 33WF141 beam 
at one side, whereas Bay 7 bears on a 36WF280 beam. The greater deflec- 
tion of the 33-in. beam explains the greater deflection and slower recovery 
of Bay 6. The stiffer slab reinforcement of Bay 6 explains the bigh recovery 
24 hr after load is removed. “ 


*Annales de l'Institut Techni du Bati t et de 
= setrowedl odd (aay ole 4 ¥ a 8s Travaux Publics (Paris), No. 167, Jan. 1951. 


— + 


LOAD TEST ON SLAB FLOOR 1003 


NOTE: Readings after 24 hr shown thus: @ 


1.0 0.5 (@) 20 
Concrete stresses , kips per sq in. Steel Stresses, kips per sq ip. 


0.5 40 WEE TAO 0 10 20 
Concrete Stresses , kips per sq In. Steel Stresses, kips per sq in, 


Fig. B—Stress versus load sequence for gage lines 1-8 


1004 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE March 1959 


NOTE Readings after 24hr shown thus: ® 


Ow 6011" O 10 


Compression Tension Steel 
" Concrete Stresses kips per sq in. 


———_— 
Stresses, kips per sq in 


D 


Ate 


1.0 0S fe) ie) 1.0 
“Concrete Stresses, kips per sq in. Steel Stresses, kips per sq in. 


Fig. C—Stress versus Load sequence for gage lines 9-13 


LOAD TEST ON SLAB FLOOR 1005 


The reduction in the unit stress in the channel of the steel grillage cap be- 
tween Load C and Load C plus 24 hr is also due to balancing loads and lag 
in slab adjustment to changed loading. The increase in tension in the bottom 
flange of the channel from 1.8 to 5.3 between Load C plus 24 hr and immedi- 
ately after load is removed is due to the sudden reduction of deflection and 
lag in adjustment to changed loading. The readings at Point 2 on the bottom 
of the channel indicate slight tension at load A/4 and A/2, zero at 3A/4, 
compression at A, and slight tension at A plus 24. The tension increased at 
Load B and Load B plus 24 hr. It decreased at Load C and further at Load 
C plus 24 hr. With the exception of Load 3A/4, tension in the top flange of 
the channel increased progressively to 9.8 at Load C and reduced to 6.7 at 
Load C plus 24 hr. The strain gages on the channel were placed as close to 
the column as possible. The authors are inclined to agree with Professor 
Beguin that tension in the bottom flange is due to interaction of forces and 
suggest that because of it the neutral axis in the slab may have been lowered 
in the area where the strain gages were placed. 


The value of the steel grillage caps as compared with standard cone caps 
of equal diameter was demonstrated in model tests made by the City Building 
Department of Minneapolis under the direction of Prof. Joseph Wise, Uni- 
versity of Minnesota, before they were used in buildings. Fig. D shows the 


_ Fig. D—Scale models comparing grillage caps with. standard cone caps after failure. 


— 
< 


Panels A have embedded steel grillage caps. Panels B have standard cone caps 


ed 


1006 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE March 1959 


TABLE B—MODEL TEST RESULTS 


Panel | Age, Load at | Panel | Age, . Load at 
days failure, lb days failure, Ib 
ae i 26 | 3000 | B-l 26 3000 
A-2 24 | 3085 B-2 24 3245 
A-3 21 2700 . B-3 21 2670 
} I 


model slabs after failure. They were built and reinforced to scale. How- 
ever the steel grillage caps were not anchored to the stub columns and the 
channels were light furring channels not comparable in section modulus to 
those normally used for buildings. Panels A have the embedded steel grill- 
age caps. Panels B have standard cone caps. The results are shown in 
Table B. 


Disc. 55-8 


Discussion of a paper by Fazlur R. Khan and Andrew J. Brown: 


Load Test of 120-ft Precast, Prestressed 
Bridge Girder™ 


By M. SCHUPACKT 


The authors are to be congratulated for reporting so effectively the results 
of this full size beam test. It is particularly gratifying to see that the struc- 
tural shape tested, which is somewhat different in shape from the many 
tests made here and abroad on prestressed beams, behaved as calculated. 
This again confirms the reasonableness of our statiscal and ultimate com- 
putations for underreinforced prestressed concrete beams. This was of 
particular interest to me since as chief engineer of The Preload Co., Inc., 
at the time of design, I acted as consultant to Skidmore, Owings and Merrill 
in establishing various structural schemes for the highway bridges and also 
checked the calculations, drawings, and specifications. 

The observation that “although the neutral axis at load near ultimate 
moves up close to the 8 in. neck, inclined tension cracks did not develop,” 
is of particular interest. The stirrups are No. 4 at 2 ft on centers in the middle 
half of these beams. If we had followed the 1954 Bureau of Public Road 
“Criteria for Prestressed Concrete Bridges,’ we could have used a spacing 
of 34 D or 4+ ft. It is possible that at a 4-ft spacing inclined tenson cracks 
might have appeared. It is our present thinking that because of the inter- 
action of the bridge deck, diaphragms, and stringers and the resulting sec- 


ondary stresses at the neck of the beam, that it is advisable to place stirrups 


even closer than 2 ft on centers. 

It is mentioned that the beam tests. were made to check workmanship 
and design assumptions. A beam test of an underrinforced beam of this type, 
in my opinion, indicates little in regard to workmanship. In composite 
beams, with well distributed reinforcing steel and a heavy top flange, the 
workmanship would have to be very poor to not achieve the load requirements 
as calculated. The items of honeycombing, poor grouting, or rusted tendon 
would generally not show up detrimentally in a beam test performed shortly 
after fabrication. 

I believe that we have reached the stage in the prestressed concrete field, 


using regular aggregate, where we can be reasonably sure of the elastic and 


ultimate behavior of simple span structures. If the funds are available for 


*ACI Journat, V. 30, No. 1, July 1958 (Proceedings V. 55), p. 139. Disc. 55-8 is ee of copyrighted JouRNAL 
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the testing of full scale members, it is suggested that some of the follo wing 4 
information should be obtained. 

1. The stresses introduced in the neck of the beam by slab wheel loads. 
2. The stresses introduced in the neck of the beam in the completed bridge due to the | en 


interaction of slab, diaphragms, and stringers. 
3. Visual observation of the effectiveness of the grouting at various points along the 


beam. 
4. Long term observation of deflections to better understand camber problems. 


5. Shear tests. 
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Disc. 55-9 


Discussion of a report by ACI Committee 612: 
Curing Concrete” 
By J. E. JELLICK and COMMITTEE 
By J. E. JELLICKt 


This discussion comments on the following passage from the paragraph 
on optimum practice for curing horizontal units (p. 166). ‘Initial Curing— 
Immediately after the finishing operations are completed, the concrete should 
be covered with two thicknesses of an approved woven fabric, a quilted fiber 
mat, or other covering of an approved absorptive material thoroughly 
saturated with water when placed.” 


At certain times of the year, particularly during summer, when low hu- 
midity and drying winds prevail, we have had considerable shrinkage cracks 
appear in flat slabs, especially when said slabs were on a non-absorbent base, 
such as on a concrete slab in casting concrete panels for tilt-up construction. 


When a steel troweled surface is required, it is impossible to place any 
woven fabric, quilted fiber mat, or other covering of an approved absorptive 
material immediately after the final troweling without marring the surface. 
Therefore, with the necessary delay in applying a desirable covering, too 
much water has evaporated from the surface, with the result that shrinkage 
cracks appear, either soon after or by the end of the first day. Regardless 
of the brand of cement, or the brand of curing compound applied for curing, 


-or whether a retarder was used or not, we have experienced these shrinkage 


cracks regularly during the above mentioned conditions. 


Following the practice of the concrete irrigation pipe manufacturers we 
have adopted the use of a special nozzle which produces a fog spray, as the 
name implies. With this special fog nozzle we are able to apply a fog spray 
of water immediately after the final troweling. This is continued several times 
during the first day. On the following morning any of the standard brands 
of curing compounds may be applied, or any other conventional curing methods 
such as mentioned above. 

This method is so effective and so inexpensive, compared to many other 
methods which have been publicized, that it should not be overlooked. It 
has been adopted by many architects, engineers, and contractors in northern 
California. 

*ACI Journat, V. 30, No. 2, Aug. 1958 (Proceedings V. 55), p. 161. Disc. 55-9 is a part of copyrighted JouRNAL 
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COMMITTEE CLOSURE 


The committee agrees with Mr. Jellick that a fog spray can sometimes 
be used to advantage in the early stage of curing horizontal units to control 
plastic shrinkage cracking. The problem and various corrective measures, 
including fog spray, are discussed in considerable detail by Lerch.* 

It should be noted that the time of starting fog spraying can be critical. 
If started too soon, it may result in “washing” of the newly troweled surface. 
If deferred too long shrinkage cracks will already have formed. It is im- 
portant that the spray is actually a fog-spray, not a jet-spray, and that 
dribbling of water on the surface is avoided. In much flat work, of course, 
slight marring of the surface by wetted coverings would not be considered 
detrimental. 

The committee has reconsidered one statement in the report, on p. 169, 
as follows: “In any event, the internal concrete temperature during hydra- 
tion should not reach a value in excess of 20 F above the mean annual tem- 
perature.’”’ As desirable as this may be, it is recognized that often it would be 
impractical to attain, especially if pipe-cooling after placement is not pro- 
vided. However, it remains important to keep the temperature of mass con- 
crete as low as practicable, and it is proposed that the statement be reworded 
as follows: “In any event, the concrete placing temperature should not 
reach a value in excess of 20 F above the mean annual temperature.”’ : 

The committee has received a number of inquiries and suggestions con- 
cerning the report, though not in the form of formal discussion, which will 
be helpful in preparing an ACI Standard on the recommended practice for 
curing concrete. The committee will welcome additional constructive criti- 
cism as an aid in this preparation. 


*Lerch, William, ‘Plastic Shrinkage,’ ACI Journau, V. 28, No. 8, Feb. 1957 (Proceedings V. 53), pp. 797-802; 
discussion, V. 29, No. 6, Part 2, Dee. 1957 (Proceedings V. 54), pp. 1341-1346. arene hata: ; 
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Discussion of a paper by Tien S. Chang and Clyde E. Kesler: 


Fatigue Behavior of Reinforced Concrete Beams» 
By R. TAYLOR and AUTHORS 
By R. TAYLORt 


Few experimental data exist on the effect of repeated loading on the shear 
strength of reinforced concrete beams so that the investigations reported 
by the authors, together with that reported by Stelson and Cernica,* form 
an important contribution to the knowledge of the strength of concrete mem- 
bers. As part of a comprehensive program on the shear strength of rein- 
forced concrete beams being undertaken at the Building Research Station, 
England, repeated loading tests have recently been carried out on beams 
without shear reinforcement. 


REPEATED LOADING TEST PROGRAM 

Specimens 

The main details of the beams are summarized in Table A. All the beams 
were 7144 x 10 in. in cross section, 7 ft 6 in. long. Two groups of beams were 
tested—one reinforced with plain round mild steel bars (yield stress: 43,000 
psi), and one incorporating cold-worked deformed bars having the herring- 
bone pattern of deformations (0.25 percent proof stress, 66,000 psi). In each 
group, beams with two different percentages of reinforcement were tested, 
there being 4 beams of each percentage of plain bars and 3 beams of each 


percentage of deformed bars. In the beams with the deformed bars all the 


reinforcement was straight, the bars extending to the ends of the beam. Of 
each set of four beams reinforced with plain bars, two were reinforced with 
straight bars and two with bars having hooks at the ends. | 

The quality of the concrete was maintained constant throughout the series. 
For cubes stored in water and tested at 34 days (24 hr after commencement 
of the pulsating test) the mean of the average crushing strengths was 4280 
psi with a coefficient of variation of 4.6 percent. 


Tests 

The beams were supported over a 6-ft span, using rubber strip and steel 
roller supports to obtain stability and also to insure that no external longi- 
tudinal forces occurred on the beams during the tests. A single point load 


‘was applied at the midspan with a 25-ton hydraulic jack connected to an 


Amsler pulsator operated at 250 cycles per min. 


*ACI JouRNAL, V. 30, No. 2, Aug. 1958 (Proceedings V. 55), p. 245. Dis¢e. 55-14 is.a-part of copyrighted JouRNAL 
OF oe eee CoNncCRETE INSTITUTE, 30, No. 9, Mar. 1959 (Proceedings V. 55) 
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TABLE A—RESULTS OF TESTS 


Reinforcement Maximum of Nanber a wgsiien Sis 
Area 
ror Sq in Percent Tons 
‘ acted ses — a5 
) 6.5 
: get te iui or 70 
ned ; He 
6 nie 1.177 1.83 Be 
(Hooked) oe 
5 &-in. plain 1.534 2.33 8 


(Hooked) 


*The effective depth of the reinforcement was 8.75 in. wr R 
+The maximum of the load range expressed as a percentage of the static diagonal cracking load. 


The minimum of the applied load range was approximately 17 percent of 
the average diagonal cracking load,* determined in static tests of two or 
three similar beams which had been previously tested. During the test on a 


particular beam the load range was kept constant, but the maximum of the’ 


range was varied throughout the series in an attempt to determine the maxi- 
mum load that could be applied under such conditions without causing the 
formation of diagonal cracks. The pulsating load was applied until the collapse 
of the beam or, in the event of the load not causing collapse, until approxi- 
mately 1,500,000 repetitions had occurred, although in the case of one beam 
3,000,000 pulsations were applied. 


Test results 


The results of the tests on the beams are summarized in Table A. The 
maxima of the load range are noted, and these are also expressed as a per- 
centage of the diagonal cracking load in the static tests. While the tests 


were necessarily limited in number and scope the results appear to indicate 
that: 


1. The relationship between the shear strength of beams under repeated loading and 
that under static loading conditions is similar whether the beams are reinforced with 
cold-worked deformed bars or with plain mild steel bars. 

2. For the conditions of the test, i.e., a range of loading applied to a beam at a rate 
of 250 cycles per min with a minimum of the range at approximately 17 percent of the 
static diagonal cracking load, the maximum of the range which could be sustained by 
the beam for 1,000,000 repetitions without causing diagonal cracking is approximately ' 
70 percent of the static diagonal cracking load. When this load is slightly exceeded 
collapse may occur following the gradual formation of a diagonal crack, but when the 
maximum of the range exceeds approximately 77 percent of the static diagonal cracking 
load, formation of the diagonal crack and collapse may be very rapid. 


*The load at which a major inclined crack formed. 


i =. _. 
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Fig. A—Crack patterns after repeated loading tests on beams with four 2 in. diameter 
cold-worked deformed bars 


3. In beams so loaded that a/d is comparatively large (in these tests this ratio was 
4.1) anchorage failure of straight, plain round bars haying a rusty surface is unlikely to 
occur except as a secondary phenomenon of the collapse mechanism. 


COMPARISON WITH PREVIOUS TESTS 


This work is similar to that previously reported by the authors’ and it is 
interesting to compare results. This comparison is limited to the phenomenon 
of diagonal cracking since it is considered that this stage and not actual 
collapse must, for practical purposes, determine the failure criterion of beams 
without shear reinforcement. ‘The reasons for this are: 


1. When a beam is loaded in such a way that the propagation of the diagoncal crack 
is not inhibited in any way by the compressive stresses set up by the load, e.g., by load- 
ing through secondary beams framing into the sides of the beam, then the beam collapses 
at the formation of the diagonal crack (cf. Ferguson‘). 

2. With beams loaded on the top surface, collapse of the beam often occurs immedi- 
ately at the formation of the diagonal crack, when a/d is relatively large. 

3. When a/d is relatively small, beams loaded on the top surface may sustain loads 
higher than that causing diagonal cracking but only after considerable widening of the 


inclined cracks. 
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In several respects the results of the two investigations are similar, as, for 
example, in the behavior of the beams under the pulsating load with com- 
parable modes of collapse (see Fig. A). In addition in the tests at the Building 
Research Station it was observed that in the beams in which a diagonal crack 
formed it did so within the first few hundred thousand repetitions of load— 
the maximum number of repetitions to form a diagonal crack was 700,000. 
This was generally the case in the tests by the authors although in three of 
the 39 beams tested the number of repetitions to cause the formation of a 
diagonal crack was approximately 1,000,000, and in one beam a diagonal 
crack formed after over 6,000,000 repetitions. 


In one important respect, however, the results are quite different. The 
Building Research Station’s results indicate that, for 1,000,000 repetitions, 
the fatigue limit would be approximately 70 percent of the static diagonal 
cracking load while the authors’ results indicate that the fatigue limit giving 
a low probability of failure for the same number of repetitions would be 
approximately 53 percent. Such a large difference in results makes it nec- 
essary to study the conditions of test in the two series in an attempt to explain 
the difference. 


The rate of loading used by the authors was 440 cycles per min, compared 
with 250 cycles at the Building Research Station. Since previous tests* on 
plain concrete beams showed that the bending tensile strength is unaffected. 
by the frequency of the pulsations over the range 70 to 440 cycles per min, 
it would seem unlikely that this difference in the tests contributed to the 
difference in results. 

The size of beam tested by the authors was 4.x 6 in. with 1 in. maximum 
size aggregate (compared with Building Research Stations beams, 7) x 10 
in, with 34 in. maximum size aggregate). In their static tests on similar 
beams the authors had found a considerable increase in shear strength in 
terms of nominal shear stress as compared with larger beams tested by previous 
investigators. It was concluded that this was due to the difference in the 
dimensions of the beams and, by dimensional analysis, an expression in- 
cluding the ‘‘size effect’? was derived for the diagonal cracking load. The 
difference in static diagonal cracking strength due to the size effect for the 
beams used in the two investigations is, according to this expression, approxi- 
mately 12 percent. It is possible that this size effect is reduced under re- 
peated loading. If this were so it would account for part of the difference in 
the relationships between the diagonal cracking load under static loading 
conditions and under repeated loading conditions. 


It might also be pointed out that the nomograph of the expression* does 
not predict accurately the results of the statie tests reported by Stelson 
and Cernica which were also carried out on small beams (5 x 51% in. using 
; Phare Appears to be some discrepancy between the nom ph and the expression as printed. The nomogra; 


has been used for this comparison since it agrees more closely with the tab’ lated i : 
expression. Curiously, however, the eonoemion predicts the mernita of Steleon and Senih inka ions the 
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14 in. maximum size aggregate). The nominal shear stress at diagonal 


-eracking predicted for these beams is approximately 12 percent above the 


average value of several tests. While it is realized that the expression was 
derived from limited data as regards the effect of small beams, it is the opinion 
of the writer that, if it is desired to include a size effect, consideration should 
also be given to the maximum size of the aggregate used. (Compare the 
different ratios of effective depth: maximum aggregate size used in the three 
investigations.) 

The minimum of the load range used in the tests by the authors was small, 
approximately 2 percent of the static diagonal cracking load (cf. BRS 17 
percent). It has been well established by investigators that the fatigue 
strength of a structural member .is dependent not only on the maximum 
load applied to the member, but also on the range of load applied. The 
modified Goodman diagram for tests on plain concrete beams reported else- 
where® in the fatigue symposium indicates that, in the range where there 
is no stress reversal, an increase in the minimum of the applied load corres- 
ponding to 15 percent of the static flexural strength would result in an in- 
crease in the maximum of the range of about half this amount. It is likely 
that a similar difference has occurred in the results of the two investigations 
due to the difference in the range of applied load. 

The range of loading adopted by the authors does, of course, give the 
worst effect that could possibly occur. Usually, however, the dead load 
carried by a reinforced concrete member is a considerable proportion of the 
working load. Since it is only live loading which makes it necessary to con- 
sider fatigue resistance, it appears more realistic to conduct tests in which 
a range of pulsating load is superimposed on a load representing a condition 
of dead load. In the case of the Building Research Station tests, the mini- 
mum load of 17 percent of the static diagonal cracking load would be equiva- 
lent to between 33 and 50 percent of the working load depending on what 
load factor from 2 to 3 is adopted for determining the working load. 
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AUTHORS’ CLOSURE | 
Mr. Taylor has made a substantial contribution in the data and discussion 


he has presented. 
The results of Stelson’s and Cernica’s tests? differed approximately 12 


percent from that predicted by the nomograph,! as indicated by Mr. Taylor, 


a 
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however, this variation is not unreasonable for reinforced concrete beams. 
The amount of data available for small beams is not great and variables, 
such as aggregate size should also be considered, in addition to beam size. 
However, sufficient data for this purpose are not available for all the existing 
tested beams. 

While the cracking load must necessarily be considered as most important 
in design, the factor of safety used might well depend on whether the beam 
would collapse at the cracking load or carrying additional load. Hence 
failure loads should not be eliminated from study. 

Mr. Taylor indicates the importance of range of stress in reinforced con- 
crete beams. The difference in the minimum load between his and the auth- 
ors’ tests, amounting to 15 percent of the ultimate strength, should and 
did make considerable difference in the results obtained. More data on 
this variable is needed for reinforced concrete beams and as pointed out by 
Mr. Taylor the dead load on a member in service may be a considerable 
percentage of the total dead and live load for the member. 
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Discussion of a paper by Frederick P. Wiesinger: 


Design of Symmetrical Columns with Small 
Eccentricities in One or Two Directions’ 


By GEORGE B. BEGG, JR. and ORLEY. O. PHILLIPS and MORTON SOLOMON 
By GEORGE B. BEGG, JR.t 


~ Professor Wiesinger has introduced an extensive design method for columns 
subject to axial and bending load within the limitation of e/f £2/3. He 
covers a wide range of column shapes under “shape factors,” a,, and an 
equally good range of reinforcing patterns summed up in “pattern factors,” 
a, [See his Eq.(1) and (2)]. Using these new dimensionless variables, he 


- rephrases 


to a new equation 


= N r Ne/t 
Q[0.225f. + fspol | Fs lag + a(n — 1)9” pol 


Ay 


This new equation is then scrutinized and attention is immediately con- 
centrated on the denominators of the two terms (the numerator terms are 
explicit in the given design data). Tables are presented for these denominator 
terms and essentially are built aroung p, and the shape and pattern factors. 
The method presupposes a trial and error design with rapid convergence 
growing out of use of the tables. The nature of this convergence is illus- 
trated in examples and the construction of a chart that pivots on assuming 
a column size. I would like to comment on this subject and suggest criteria 
for evaluating new and current methods of design with special emphasis 
on columns within building frames. 

Interest in the convergence indicated by the author has been widespread 
for the last 30 years. The Public Buildings Service, for example, has been 
preparing tables and straight line and nomographic charts since the early 
1930’s, aiming at meeting our limitations in time, accuracy, and personnel 
in large scale designing of concrete columns for load and moment. 

This interest has been wider in scope than that permitted by limitation 
of this paper, i.e., e/t S 2/3. However, although any tables or charts deal- 
ing with combined axial and bending load will only be complete when the > 
SACI Jounnan, V. 30, No. 2, Aug. 1958 (Proceedings V. 55), p. 273. Disc. 55-17 is a part of copyrighted Journat 
or THE AMERICAN Concrete InstituTE, V. 30, No. 9, Mar. 1959 (Proceedings V. 55 
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cracked-section area, i.e., e/t 2 2/3 is covered, the limitation of e/t S 2/3 
is not highly restrictive. Thus in a building frame if the exterior roof col- 
umns, where the axial-bending load ratio can be very low, are successfully 
~ handled, we can hope to design most of the remaining columns within our 
scope. 

Now, accepting the interest in and the adequate range of scope permitted by 
our limitation, is the convergency given in Professor Wiesinger’s paper the 
best approach to the problem? The answer depends on what the designer 
conceives the design question to be and what then to emphasize in speed, 
new terms, wide range, compact presentation, etc. in answering the ques- 
tion. The author has certainly developed a compact presentation with wide 
range. More of this later. 


TIED COLUMN CHARTS 


I will present here some examples of tied column charts that concentrate 
on the question that confronts the designer of a multistory concrete building 
as he comes down his column run-down format. On any given floor the de- 
signer has an accumulated load and a bending moment at his column. What 
now to do with them? 


The design charts have the axial load and moment as coordinates. Con- 
crete and steel stresses, and column size are held constant for a given chart. 
The charts present a family of straight lines that give the number and size 
of reinforcing bars. The straight line plot reflects a solution of the combined 
stress equation. 


The upper limit of the charts is governed by Section 1104(b), ACI 318-56, 
where only 4 percent p, is permitted to withstand the axial load alone. This 
requirement is shown as a horizontal line on the charts and is called simply 
“cutoff load.” Below this load advantage is taken of the same section of 
the code that permits up to 8 percent for combined action. The lower cutoff 
line is the e/t = 2/3 requirement. As an aid to the charts and for preliminary 
design, indexes precede the charts (Fig. A and B). 


Notation 
A, = effective cross sectional area of vertical jf, = nominal allowable stress in vertical 
column bars in compression, sq in. column bars, kips per sq in. 


e = eccentricity of the resultant load on a M'=rbending, moment’ ap eis to rebitore 
’ column, measured from the gravity poncrete polunin, ft-kips ‘ 
sista Ths N = axial load applied to reinforced con- 
crete column, kips 
f-’ = compressive strength of concrete at ¢ = over-all depth of square or rectangular 
28 days, kips per sq in. column section, in. 


Ve 


) aes 


Soe eee 


‘ 


a 


DESIGN OF SYMMETRICAL COLUMNS 1019 


Fraction following reinforcement size, e.g., 4/1, 3/2, etc., indicates position of vertical column 


bars as follows: Numerator indicates the number of bars in the face normal to the direction 


of moment. The denominator indicates the number of intermediate bars in the other face. 
Thus, Arrangements 4/1, and 3/2 are as shown below. This notation applies to four-face 
A, charts. 

No fraction following reinforcing size indicates all reinforcing is divided equally between two 
opposite faces (two-face A; on charts). 


2 BARS 


MOMENT 
AXIS 


{BAR 


4/\ 


ARRANGEMENT ARRANGEMENT 


Limitations 

1. When the intersection of any load and moment value does not fall on a line in the indexes 
for column size or in the charts for vertical column bars, any line above or to the right of the 
point is safe. 

2. The vertical column bars shown on charts are placed in one vertical plane per column face. 

3. For lateral ties requirement see Section 1104(c), ACI 318-56. 

4. On the charts where a solid reinforcing bar line discontinues, a straightedge placed along 
the line can be used to establish the full range of the line. Indications in parentheses represent 
alternate bar combinations. Where the alternates are no longer identical the range is indicated 
by a dashed line. 

5. Some reinforcing patterns shown in square column charts presuppose butt welding at 
splices. Therefore, patterns should be reviewed for spacing if side lapping of reinforcing is 


used. 


6. All rectangular column charts are limited to case of bending in direction of strong axis. 
7. All reinforcing patterns shown in rectangular columns are for side lapped bar spacing. 
8. Distance from center of vertical column bar to face of column in all cases is 214 in. For 

general spacing of vertical column bars and spacing of side lapped splices, see figure below. 


Y MIN. AT SIDE LAPS 


MOMENT AXIS 


agit 


Example of chart use = . 

Given the design load and moment, stress eriteria, and the charts, and 
keeping in mind any architectural limitation, economic limitation (maximum 
-p, permitted by competition), etc., the designer goes to the index (Fig. A 
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and B) and picks a column size. Turning to the charts* having the column 
size given by the index, he picks the reinforcement and writes it into his 


‘column schedule. For example: 


Given: M =30 ft-kips, N = 210 kips, f.’ = 3.0 kips per sq in., and f, = 20.0 kips per sq in. 

Find: Minimum square column size and reinforcement 

Solution: Entering square column index (Fig. A) with criteria, pick a 16-in. square column. 
Turn to the 16-in. square chart (Fig. C) and using same criteria pick six #11 bars. 
Therefore column is 16 in. square with six #11 bars. 


Now if architectural consideration would not permit a 16-in. face normal to 
the plane of bending, the following column sizes could have been picked 
from the indexes as: 

For f.’ = 3000 psi For f.’ = 3750 psi 
Use 12 x 20-in. column Use 14-in. square or 12 x 18-in. columns (Fig. D) 


Reinforcement for these columns would be picked in manner similar to the 
16-in. square column. 


ADVANTAGES AND DISADVANTAGES OF THE CHARTS 


In the method I propose, the designer picks his column by inspection of 
the indexes and charts once he has carried his column run-down format to an 
accumulated load and bending moment. There is no need to assume column 
size, py, or to compute shape and pattern factors. The convergence is im- 
mediate and no new terms beyond load and moment are introduced. Pro- 
fessor Wiesinger depends on new terms, assumptions, computations, and 
finally.a trial and error convergence. 

However, I have covered only a small part of the range included in his 
method; for example, I have not included in this paper spirally reinforced 


columns, reinforcing bars with f, = 16 kips per sq in. ete. Yet there are 


many charts involved, and the full range will be bulky. The computing 
and plotting of numerous charts is time consuming in original work and in 
checking. Finally, in spite of good indexes the designer might never have 
the feeling of familiarity with a thick book of charts that he would have 
with the author’s compact method. To these objections I reply that once 
the charts are completed, the bulk of presentation will in no way diminish 
the speed and easy use of these charts. The method used is, finally, a matter 
of the individual designer’s choice. 

There are a few additional advantages and possibilities of these charts. 
Most tables and charts are built around p,, which greatly simplifies the com- 
putations and plotting compared with using actual bar make-up. However, 
after convergence, it is necessary in such methods to pick actual bar com- 
binations to meet this p,; since the steel area chosen is only accidentally the 
area required, the final load-moment carrying ability of the column is seldom 


*Only two typical charts are included with this paper. A complete set (69) of the availabl i 
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Fig. C—Design chart for 16 x 16-in. column, typical of a group of charts available from 
ACI at cost of reproduction (see footnote, p. 1020) 


known. Therefore, if the load-moment is increased, the column must often 
be recomputed. With the charts presented, ‘the load-moment capacity of 
a given bar make-up is visually known and any increase in load-moment 


is either handled by this bar arrangement or a new arrangement immedi- 
ately indicated. 


On the subject of moment on both principal axes, i.e., fo/Fa + foz/Fo + 
Sov/F. = 1.0*, evidence seems to point to the indexes of these charts as a point 


*Bq. (19) Section 1109(a) of ACI 318-56, 
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Fig. D—Design chart for 12 x 18-in. column, typical of charts available from ACI at cost 
of reproduction (see footnote, p. 1020) 


of departure for this problem. As far as we have gone on our charts, we 
find that the relative insensitivity of the indexes suggests that some modified 
superposition of moments will lead to a fairly rapid convergence. eee 
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By ORLEY O. PHILLIPS* and MORTON SOLOMONt 


The paper by Professor Wiesinger is excellent and will provide a valuable 
aid in concrete column design. 


It would be well to bring to the reader’s attention that the value of Ne’ 
may be replaced by a value of M in in.-kips. Column moments are usually 
found directly from moment distribution sheets on which the building frame 
is analyzed. If the M value is exceedingly large, e’ must be found to deter- 
mine if the e’/t value is not more than 2/3 in either direction as allowed by 
code. 


Tables 3 and 4 have values tabulated with a maximum p, = 0.04. Spirally 
reinforced columns may have a maximum p, = 0.08 as may tied columns 
with a combined axial and bending load. Section 1104(b) of the ACI Code 
notes the limitations for tied columns. An extension of these tables would 
allow a slightly smaller column section with an increase in reinforcing. 


AUTHOR’S CLOSURE 


The author appreciates the discussions of Messrs. Phillips and Solomon 
and of Mr. Begg, as well as several direct communications. 


Outstanding among the latter is a letter from Mr. Miiller (who has pub- 
lished a paper bearing on the subject{). He raises the valid question of how: 
to simplify the design of columns that are not symmetrical about two prin- 
cipal axes; unfortunately, it seems that it is not possible to boil this problem 
down to a few simple tables and design formulas. 


Concerning the suggestion by Messrs. Phillips and Solomon that Tables 
3 and 4 be extended to include higher percentages of reinforcing, the author 
feels that this can be accomplished properly by ACI Committee 317 when the 
Reinforced Concrete Design Handbook is next revised. 


Mr. Begg’s charts cover an admittedly narrow range of cases. About 
one-third of the charts duplicate parts of the information available in the 
Concrete Reinforcing Steel Institute Handbook. The rest presents “4 Face 
A,” patterns, which might be of some use for high values of py, though un- 
economical to resist bending. The use of these patterns for low values of Do 
can hardly be justified. 


The author’s purpose in developing the method presented in the paper 


was not so much to deal with the somewhat trivial case of bending about one 


axis, but to provide a method for bending about both axes. It is hoped that 


the method presented will be of value to the practicing designer. 


*Member American Concrete Institute, Partner, Phillips-Carter-Osborn, Inc., Engineers, Denver, Colo. 


Principal Structural Engineer, Phillips-Carter-Osborn, Inc., Engineers, Denver, Colo 
Muller, L, S., “Eccentrically Loaded C Cc 75), J URNAL, 
(Proceedings V. 47), pp. 562-568. ed Corner Columns (LR 47-75),"" ACI Journa, V. 22, No. 7, Mar. 1951 
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Disc. 55-18 


Discussion of a report by Subcommittee on Proportioning Lightweight Aggregate Concrete, 
ACI Committee 613: 


Proposed Recommended Practice for Selecting Pro- 
portions for Structural Lightweight Concrete” 


By E. L. HOWARD and W. E. MOULTON, and SUBCOMMITTEE 


By E. L. HOWARD and W. E. MOULTONT 


The subcommittee defines lightweight concrete by referring to 115 lb per 
cu ft air dry. This condition is not definite enough for specifications. 

The subcommittee barely mentions ACI Standard ‘Recommended Prac- 
tice for Selecting Proportions for Concrete (ACI 613-54).” The subcommittee 
suggests that these standards may be used with certain aggregates. More 
emphasis should be placed on the use of the standard practice for propor- 
tioning. 

Our use of the standard practice (ACI 613-54) with three types of aggre- 
gates has produced excellent concrete. All aggregates are used in saturated 
condition. Pumice aggregate is stored in ponds and bunkered immediately 
before batching. The expanded shale, crushed and uncrushed, is saturated 
in the batch plant bunkers before use. 

Free moisture of fine aggregate may be determined with moisture meters 
~ and samples of the coarse aggregate can be quickly surface dried and weighed. 
We can and do control the water-cement ratio and can predict the com- 
pressive strengths as well as with conventional aggregate. 

Coarse aggregate gradings are no problem for us. Our local producers 
supply the material in two sizes—l in. to 3% in. and 3 in. to No. 4 mesh. 
We use as little fine lightweight aggregate and as much natural sand as pos- 
sible and conform to specified weight. Variances in the fines are a problem 
in proportion to the amount used. For design purposes we use a fineness 
modulus of 3.00. 

We agree with the importance placed on the use of air. The pressure type 
meter is successfully used when the aggregates are saturated before use. _ 

If the involved methods of estimating proportions as outlined by the sub- 
committee in Chapters 3 and 4 are indeed desirable for aggregates familiar to 
the subcommittee, then we in California are a blessed people. 

We can and do proportion good workable mixes based on absolute volumes 
of saturated surface dry materials. Field control must solve two problems: 


*ACI Journat, V. 30, No. 3, Sept. 1958 (Proceedings V. 55), p. 305. Disc, 55-18 is a part of copyrighted JouRNAL 
or tHE AMERICAN Concrete InstiTUTE, V. 30, No. 9, Mar. 1959 (Proceedings V. 55). . Z - 
+Members American Concrete Institute, Chief Testing Engineer and Testing Engineer, respectively, Pacific 


Cement and Aggregates, Inc., San Francisco, Calif. y 
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(1) proper aggregate saturation and (2) changing specific gravity. The first 
problem is solved when the batch plant personnel use adequate care in handling 
materials. The second problem will be solved only when the aggregate pro- 
ducers furnish aggregate of controlled density. Yield determinations on the 
job with batch adjustments are the stop gap methods suggested by the com- 
mittee and practiced by us all. 

We have not found air content change a problem as suggested by the sub- 
committee’s reference to unit weight changes in job control. We believe the 
measured air will change greatly with the degree of aggregate saturation. 
The actual air entrained is no more difficult to control than in conventional 
concrete. 

The proposed recommended practice is not useful to us except as it refers 
to the existing standard, ACI 613-54, and cautions the user of lightweight 
concrete of the pitfalls peculiar to this type of material. 


SUBCOMMITTEE CLOSURE 


The subcommittee was pleased to read that Messrs. Howard and Moulton 
are continuing to produce satisfactory lightweight aggregate concrete as they 
described in the ACI JourNnaL of June, 1955, p. 1061, and that they have ex- 
perienced no difficulty with the absolute volume method of mix proportioning 
(ACI 613-54). However, for reasons clearly stated in the subcommittee re- 
port, most producers of lightweight aggregate concrete have not been able to 
proportion and control mixes adequately by use of the water-cement ratio 
and absolute volume method. 

Messrs. Howard and Moulton stated that appropriate aggregate’ saturation 
is a field control problem. This is emphasized in the subcommittee report and 
is in part the reason for the particular method of proportioning suggested. 
The success obtained by the discussers probably lies in complete saturation of 
the aggregates prior to batching. However, saturation of the aggregate is 
undesirable in areas where the concrete may be subjected to freezing and 
thawing exposure. Laboratory data, not yet published, indicate that satura- 
tion places the aggregate in a vulnerable condition if it is to be exposed to 
freezing action. Air entrainment, of course, provides protection but the 


drier aggregates gave much better performance than those that were sat-_ 


urated. The proposed recommended practice applies regardless of the mois- 
ture content of the aggregate, but for good concrete control it is important 
that the moisture content of the aggregate be uniform. 

The discussers state that they use as little fine lightweight aggregate and 
as much sand as possible and that fines are a problem in proportion to the 
amount used. The subcommittee recognizes that natural sand is rather 
commonly used to replace a portion of the lightweight fines to correct the 
grading and to improve workability and strength. However, high quality 
concrete can be obtained with many lightweight aggregates without the 
use of natural sand and with the advantage of lower unit weight. The specific 
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gravity and absorption of the fines are much more difficult to determine 
than for the coarse material, and variations in these determinations cause 
variations in the concrete mixes. The specific gravity factor obviates the 
need of these determinations. 

The air dry unit weight less than 115 lb per cu ft refers to the unit weight 
specified in ASTM C 330 and this should have been stated more clearly in 
the subcommittee report. It is determined on a 6x 12-in. cylinder moist 
cured 7 days and stored at 50 percent relative humidity 21 days. 

As with all mix proportioning procedures, a detailed description becomes 
quite involved, but in actual use, the proposed recommended practice is 
almost identical to ACI 613-54 after the first mix has been made. Since 
determination of specific gravities is eliminated, the proposed recommended 
practice actually saves time and effort. 
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Discussion of a report by Subcommittee VIIl, ACI Committee 325: 
Design of Concrete Overlays for Pavements’ 


By J. D. LINDSAY and O. LARSEN, and SUBCOMMITTEE 
By J. D. LINDSAY+ and O. LARSEN¢ 


During the period 1930 to 1945, the Illinois Division of Highways con- 
structed concrete overlays in numerous locations, providing in at least one 
case a direct comparison of the effects of variation in thickness of the over- 
lay and of differences in treatment of the pavement before the overlay was 
placed. 

While there is a good possibility that wartime restrictions, eliminating 
fabric reinforcement, dowel bars, and tie bars, may in some instances have in- 
fluenced the condition of the overlays, particularly the one where direct 
comparisons were possible, observations over the years indicated the de- 
velopment of considerable roughness and distress due to climate and traffic, 
such as corner breaks and excessive transverse cracking, particularly in the 
thinner overlays, and it appeared that a thickness less than 8 in. did not 


_ generally prove satisfactory. 


There was no easily discernible effect from a granular layer introduced 


‘between the pavement and overlay. Breakage of the pavement by means of a 


drop hammer before placing the overlay had no apparent effect, except that it 
did inhibit subgrade pumping in pavements susceptible to that condition. 
Overlays appeared to have a substantially greater susceptibility to damage 


_ by weathering than pavments laid on the natural soil subgrade or on granular 


material. This is evidenced by disintegration, particularly along the center 
joint and transverse joints. It was present in the overlay on a 10-ft pave- 
ment but practically absent from the part that extended over the macadam 
shoulders. It is thought to be due to the frequent and prolonged presence 
of water in the joints and between the slabs, keeping the overlay saturated 
at these points and susceptible to damage by freezing. The use of air-en- 
trained concrete, of course, had not been introduced at the time most of 
the overlays were placed. 

Some studies have been made to observe if the quality of concrete in an 
overlay is affected adversely by the fact that it rests directly on a pavement 


slab rather than on earth or granular subgrade. The results, while they are 
not particularly conclusive, are presented because they may constitute signi- 


ficant information. 


*ACI JouRNAL, V. 30, No. 3, Sept. 1958 EES yes p. 315. Disc. 55-19 is a part of copyrighted JouRNAL — 
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A number of cores were drilled from slabs representing a 10-in. overlay, 
removed from a pavement in the course of construction operations, some 
from the part that had rested directly on the old pavement and some from 
the part that had rested on the adjacent granular subgrade. The dynamic 
modulus of elasticity was first determined on all the cores and some of them 
were tested immediately for their compressive strength. Others were sub- 
jected to 200 cycles of freezing and thawing with further determination of 
their dynamic moduli of elasticity, and then tested in compression. 


The cores tested immediately, four from the part of the overlay that rested 
on the old pavement and four from the part that rested on the granular sub- 
grade, showed the respective average dynamic moduli of elasticity of 4.9 
and 5.7 X 108 psi, and the respective average compressive strengths of 4630 
and 5823 psi. In view of this strength differential, it was decided to take 
12 additional cores from the pavement remaining in place, six from above 
the old pavement and six from above the granular subgrade. The respective 
average compressive strengths were 4376 and 5633 psi. The lower value of 
the two may have been influenced by the fact that two of the cores represented 
had slightly reduced cross section at some point, caused in drilling. However, 
even if these are disregarded, the average strength of the remaining four 
would still be only 4722 psi. It seems, therefore, that there is a definite 


strength differential of the order of 20 percent, as based on the higher strength ° 


value, in favor of the part of the overlay placed on the granular subgrade. 

The detrimental effect of 200 cycles of freezing in air and thawing in water 
was found to be greater for the cores taken from the overlay resting on the 
old pavement than for those taken from the part resting on the granular 
subgrade. The respective number of cores tested were three and four, and the 
respective average values of the dynamic moduli of elasticity before the 
start and after completion of the tests were 5.08 and 4.15 X 10° psi and 
6.04 and 5.52 X 10° psi. The respective average compressive strengths 
were 3917 and 5616 psi. One core represented in each of these values again 
had slightly reduced cross section at some point, but it is felt that the two 
balance each other. The respective moduli are reduced to about 82 and 91 
percent of the original moduli, and there is a strength differential of about 
30 percent on the basis of the higher value. 


The overlay, 6 years of age at the time of testing, was built with air-en- 
trained concrete. Considering this and in view of the results obtained, it 
was decided to take cores from two additional overlays, one 14 years and 
the other 23 years of age, both representing non-air-entrained concrete. The 
14-year overlay was 6 ft wider than the old pavement, the entire additional 
width extending to one side and resting on earth subgrade. The pavement 


_ was broken before placing the overlay. The 23-year-old overlay extended 5 


ft beyond each edge of the old pavement, the subgrade being the shoulders 
of the old 10-ft pavement, probably predominantly earth. 
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Forty cores were drilled from each overlay, divided equally between the 

part directly above the old pavement and the part resting on soil subgrade. 

The respective strengths in case of the 14-year-old overlay were 5415 and 

| 6035 psi, representing a strength differential of about 10 percent in favor of the 

5 overlay resting on the soil subgrade. In the case of the 23-year-old overlay, 

the respective values were 7519 and 7535 psi, indicating essentially no diff- 

erence in strength. The results obtained, therefore, show similarity with 

those of the original tests only with respect to one of the older overlays. How- 

ever, it is doubtful if any of the cores were taken in the close vicinity of dis- 

tressed areas. It is felt that the data presented may warrant additional 
studies of the quality of the concrete in concrete overlays. 


Certain consideration of the formulas for design of concrete overlays, set 
forth in the report, leads to the belief that they are based on the postula- 
tions that perfect contact exists between the pavement and overlay, and that 
the load and subgrade reaction force the two slabs into the same elastic cur- 
vature. Attention is called to the fact that these conditions may seldom, 
if ever, exist in actual practice. 


The overlay unquestionably responds much faster than the underlying 
pavement to changes in temperature and other climatic conditions. Dif- 
ferentials in the degree of warping, therefore, are bound to exist and a con- 
tinuous shifting of points of contact between the two slabs will take place, 
and perfect contact may well be the exception rather than the rule. Under 
such circumstances, a load on the overlay could not force the two slabs into 
the same elastic curvature. 


Experimental evaluation of the formulas would nevertheless be of great 
interest. It also would be of interest to look into the possibility of using 
Westergaard’s formulas for determining the stresses in concrete overlays, 

- considering the underlying pavement as a subgrade with an exceedingly high 
modulus of subgrade reaction, even though these formulas are derived under 
the assumption of perfect contact between slab and subgrade. 


ee ee 


Temperature warping stresses in concrete overlays must be rather high, 
considering that the underlying pavement, unlike an earth subgrade, is in- 
capable of conforming to any degree with the curling movements of the over- 
lay. The relatively concentrated contact areas between the two slabs, that 
must exist under this condition, also serve to increase the stresses due to load. 
A study of the combined load and temperature warping stresses that occur in 
concrete overlays, therefore, would be of considerable interest. 


SUBCOMMITTEE CLOSURE 


-- The discussion by Messrs. Lindsay and Larson contains valuable data, 
some of which confirm what has long been recommended in the construction 
of concrete overlays. It also points out the need for careful analysis of data 

and observations which cover as many of the factors involved as can be 


provided. — 
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The conclusion that lack of durability in overlay concrete, as evidenced 
by disintegration along center joint and transverse joints, is due to presence 
of water in joints and between the slabs, seems of questionable validity. 
Observations of subgrades under concrete pavements have shown them to be 
continuously moist under all but the most extreme conditions, so that there 
is always a supply of moisture to the underside of the concrete—enough 
moisture to supply the concrete up to its full capacity of absorption. With- 
out questioning the presence, at times, of moisture between the slabs and in 
joints, it does not seem possible that this could supply moisture to the con- 
crete in excess of that to which any slab on natural subgrade has access. 


Further, this hypothesis is not needed to explain the distress which seemed 
to develop more rapidly in the overlay than in concrete lying directly on 
natural soil or subbase materials. The tests reported by the discussers indi- 
cated clearly that the concrete in the overlay portion of that project had 
initial strength and dynamic modulus of elasticity. substantially lower than 
the portion which rested on the granular subbase. The concretes going into 
the two parts were presumably of identical quality. What, then, was the 
difference? 


It seems logical to conclude that the difference was the water-cement 
ratio at the time of hardening of the concrete. That concrete which over- 
laid the old slab had nearly the same water-cement ratio at the time of hard- 
ening that it had when placed. The concrete which lay on an absorbent 
granular subbase or on a natural soil lost enough of its initial mixing water 
by absorption by the subbase or natural soil to produce a lower water-cement 
ratio. The loss was enough to result in a substantially higher strength and 
modulus of elasticity in that concrete and also enough to provide a greater 
resistance to weathering. Or, stated conversely, the water retained in the 
overlay concrete caused an increased water-cement ratio at the time of hard- 
ening, sufficient to reduce materially the conerete’s resistance to natural 
weathering processes. 


This condition has long been known or at least suspected. It has been 
the basis for recommendation that concrete in overlay pavements be placed 
at the lowest possible water-cement ratio. The tests reported here confirm 
the validity of such recommendations. 


It would be interesting to know the conditions of placement of the 23- 
year-old project on which there was no difference in strength between the 
overlay concrete and the widening concrete. Could it be that this concrete 
was placed as recommended—with such a low water-cement ratio that there 
was little or no difference in the loss of moisture? Or was the subgrade under 
the widening so well moistened that it would absorb no water from the con- 
crete? On some resurfacing-widening projects, subgrade paper has been 
used on the widening portion to ensure uniform absorption conditions. The 
high strength, 7500 psi, of the concrete after 23 years would indicate that the 
first suggested explanation is probably the correct one. 
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As to excessive breakage noted as occurring on some of the projects: it is 


_regretted that further data are not at hand. The assignment of Subcommittee 


VIII is to develop recommended practices for the design of concrete over- 
lays. This assignment should be approached with an open mind and an 
effort made to arrive at a design procedure which will ensure an overlay 
adequate for the conditions under which it is placed and must serve, without 
being excessive in capacity and costing more than is necessary. If it develops 
that the subcommittee must recommend that overlays have a minimum 
thickness of 8 in. as suggested here, they should be prepared to make that 
recommendation. But before doing so, they should study the many projects 
which are of less than 8 in. in thickness and which have performed well, as 
well as those which Messrs. Lindsay and Larsen report to have given less than 
satisfactory performance. An effort must be made to determine the cause 
of the unsatisfactory performance, where it occurred, so that recommenda- 
tions for design will include provisions to prevent recurrence. 

The period 1930 to 1945, mentioned by Messrs. Lindsay and Larsen, is 
the period during which pumping was a major problem on concrete highways. 
Prior to 1930, traffic volumes and loads had seldom been heavy enough to 
cause pumping. By 1945, pumping had become the subject of several com- 
prehensive studies which established the conditions under which pumping 
occurred and methods of prevention on future work. 

During this period it is likely that many resurfacing projects were placed 
on old pavements which were pumping badly. As pointed out in the pre- 
liminary statement of Subcommittee VIII, a subgrade which has failed 
(and is pumping) will not be corrected by placement of an overlay slab. It 
is suggested here that a possible reason for the less than satisfactory per- 
formance noted by Messrs. Lindsay and Larsen may be found in pumping 
subgrades which were not corrected, as well as in the use of concrete mixtures 


not designed for use over a slab which will absorb little, if any, of the excess 


mixing water. 
The discussion is valuable in that it tends to confirm the need for care in 
at least these two respects. 
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Discussion of a paper by B. Bresler and K. S. Pister: 


Strength of Concrete Under Combined Stresses 


By C. J. BERNHARDT, MICHAEL CHI, A. COUARD, and K. W. JOHANSEN 


By C. J. BERNHARDT tT 


The test results presented by the authors are of great interest, and the new 
results can be considered as a valuable supplement to earlier research work in 
this field. They have worked out and presented their test results by consid- 
ering the mean values of shear stresses and normal stresses after the method 
proposed by V. V. Novozhilov. This gives a possibility of determining the 
failure criterion in form of a certain curve in a 7-0 diagram. It will, however, 
also be of interest to work out the test results expressed by the principal 
stresses. Expressed in this form the test results can be compared directly 
with previous tests (especially with the tests reported by Wastlund’), also re- 
ferred to by the authors. The test by Wastlund gives information on failure 
values in the section where both principal stresses are positive (compression), 
whereas the new tests concern values in the second quadrant of the principal 


- stress diagram. The zone is limited by the line og = — 01. In Fig. A the new 


results are compared with those of Wastlund. 
The principal stresses are then computed from the test results given in the 
paper, Table 6. The principal stresses are divided by the compressive strengths 
(3 x 6-in. cylinders, Table 5), to obtain dimensionless expressions. Further, 
to minimize the disagreement between measuring the compressive strength on 
relatively thin walled tubes and on 3 x 6-in. cylinders, all principal stresses are 
adjusted proportionally in the way that the mean values for o1 = 0 coincides 
at the point o2/oa = 1.0. o% then represents the compressive strength in this 
particular case. However, it must be assumed that it is impossible to obtain 
full agreement between the results from tests on specimens of different shape 
and size. 
The results for the three different concrete qualities give no special trends 
and consequently can be presented by one mean curve valid for all three quali- 
ties. Expressed in this form the new test results offer a base for determining 
the limiting curve for the stresses in the material over a great area, which 
earlier has been subject to some doubt. Wastlund has indicated a straight 
line as the limiting curve in this area, and this straight line also has influence 
in the first quadrant, in that there must exist a uniform correspondence be- 
tween the curves in the two quadrants. This straight line corresponds to 

*ACI Journat, V. 30, No. 3, Sept. 1958 RBrccendpies yey Oa Were is a-part of copyrighted JouRNAL — 
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failure after the hypothesis of maximum elongation. The limiting curve 
_ which can be drawn when the new results are compared with Wastlund’s 
_ gives automatically a reasonably uniform correspondence at this point. This 
_ confirms the correlation between the test series, a fact that is worth emphasiz- 
ing more, as the test specimens in the two series differ widely in shape and _ 
size. On the other side of the line, c, = — oj, information is still lacking, 
except at the point where the limiting curve crosses the axis. At this point 
_we will have to introduce the tensile strength of the concrete, but here also the — 
problem concerning the shape and size of test specimens arises. It is possible 
that this specific problem of size and shape may explain the deviating form 
_ of the limiting curves presented by McHenry and Karni*) (see Fig. 3 and Fig, 8 
in the quoted paper). 

. The form of the limiting curve (Fig. A) shows that the critical value of the 
_ principal tensile stress is relatively constant in the second quadrant. The 
influence of the compression is limited to a zone near the point o2/o, = 1. 
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For practical use of the failure criterion it would be of great importance if 
the limiting curve could be simplified to a straight line parallel the oz axis. 
However, this simplification should not be allowed if a high degree of accuracy 
is needed. The curve in Fig. A offers the opportunity to establish the line 
a; = — 0.07 co. as a reasonable approximation. This line is dotted in the 
figure. It should be noted that this approximation can only be applied to 
values of c/o, less than say 0.8. 


APPLICATION OF FAILURE CRITERION 
Development of diagonal cracks 


The assumption that tension failure occurs in the concrete when the prin- 
cipal tensile stress has reached a certain critical value, allows a theoretical 
construction of the formation of diagonal cracks at different loading stages by 
bending of beams. This is of the greatest interest in connection with I-beams. 
A theoretical construction in this way for various series of prestressed beams 
has been carried out at The Concrete Research Laboratory, in connection 
with a research plan sponsored by the Norwegian Institute of Technical Re- 
search. This investigation* shows a good correspondence between the com- 
puted and the observed crack angles. The crack angles in the shear zone are 
found to group well around the value 


coty = f/1—% 
Os 


where y = angle between axis and diagonal crack; 0; = normal stress in the 
concrete at the centroidal axis caused by the prestressing; and o, = tensile 
strength of concrete. 


In this case: 
o; = — 0.07 oa 


co. = compressive strength 


Fig. B shows the development of the diagonal cracks from a series of test 
beams at different load stages. In the same figure, the slope of the cracks 
corresponding to the computed values is also shown. 


Calculation of ultimate load at shear failure 


Messrs. Bresler and Pister give a method for computing the ultimate load 
at shear failure, and the method is employed on different reinforced rectangu- 


“lar beams without stirrups. An investigation of the shear failure of pre- 


stressed I-beams has been carried out at The Concrete Research Laboratory, — 
Norwegian Institute of Technology, by applying failure criterion to the con- 


*Bernhardt, C. J., ‘Diagonal Tension in Prestressed Concrete Beams,” Proceedings, World Conference on Pre- 


" eS “stressed Concrete, San Francisco, Aug. 1957, pp. A 33-1—A33- 
a ‘ 
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Fig. B—Development of diagonal cracks in a series of test beams at different 
load stages 
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crete in the flanges. The knowledge of the crack angles makes it possible to 
take into consideration the shear force carried by the stirrups. This inclusion 
in the theory of shear failure of the shear force carried by the stirrups, and the 
directions of the diagonal cracks, is necessary for obtaining a more complete 
knowledge of the shear problem. The base for this method is given by the 
three equations of equilibrium valid for the left part of the beam in Fig. C. 


Q@=04+ 0. + Qu 
S=T | 
Tz = Q (a + 1/21) + Qua + Q (a + 1) 


It is then assumed that the ultimate shear force is composed of the maxi- 
mum force in the stirrups when the steel in the stirrups reach the yield point, 
together with the maximum shear force in the flanges. To determine the 
maximum shear force in the flanges it is necessary to make some simple assump- 
tions for the distribution of the normal stresses and the shear stresses in each 
of the flanges. At this point it is assumed that there is uniform distribution 
of stresses, and the failure criterion is then applied to the mean shear stresses 
and mean normal stresses. This will give two new equations, one for each 
flange, so that, in all, five equations are at hand. 

The problem, however, involves six unknown quantities. The missing 


equation can be found by studying the di stribution of shear force between the 


Fk ~ Prestressing torce 

pt. = Rotio of steel area ro 4longe orea 
n ~=Rotio of models of elosticily? 

0 =Jnoex for upper songe 

uw =JInoex for Sower slange 


Fig. C—Prestressed |-beam investigated for shear failure 
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upper and the lower flange, and theoretically it should be possible to estab- 
lish the equation by comparing the relative displacement of the two flanges, 
primarily considered on the left part of the beam, and secondly on the right _ 
part of the beam. However, to avoid this complication the simple assumption __ 
is made that the ultimate shear force in each flange is proportional to the areas 
of the flanges. This gives the equation in the simple form Q./Fe = Qu/ Fa 
This assumption takes into consideration the main components of the relative 
displacement of the flanges. Thus it has been possible to reach a simple 
graphical solution of the equations by means of a general failure criterion 
given, for example, by Fig. A. An approximate hypothesis for the limiting 
curve may, however, also be used, without any serious influence on the ac- 
curacy of the solution of this complicated problem. The simplest way should 
then be to employ the maximum principal stress hypothesis. For the maxi- 
mum principal tensile stress the value o1 = — 0.07 o., may be used, and 
for the maximum compressive stress the value ¢.. Fig. D illustrates a graphical 
solution carried out in this way. We will then have two limiting curves in this 
diagram, one for failure in the upper flange and one for failure in the lower 
flange. Each of the limiting curves consists of two parabolas. This result 
is obtained by introducing the mean normal stress and shear stress, expressed 
by the resultant forces 7’, Q., and Q,, into the equation 


° o 
rane ae 


It is then necessary to take into consideration the influence of the prestress 
on the concrete stresses in the two flanges. Four equations for the limiting 
parabolas are then established: 


Q. |* .  § 
i = (0.07 a4)? + [ Px: + | 0.070 Tension failure 
° 1 + nyo 


oo eee r 
— =o, — F K; aV SS] i 
| a o | “+ er =| o, Compression failure 


These two are valid for the upper flange. The equations for the lower flange 
are derived by change of index and by change of sign for 7. The graphical 
solution of the equations will be obtained by drawing the straight line L 
(Fig. D) which corresponds to the equation of internal moment. The posi- 
tion of the straight line will be determined by the amount of stirrups, the 
slope of the crack, and the shear span. The intersection between L and the 
limiting curve will give the solution in the way that the maximum possible 
value of Q./F. = Q./F, is determined as the intercept AC. 

There are four possible types of failure, corresponding to each of the two 
sets of parabolas, and the actual type of failure will be determined by the 
position of A. In Fig. D the type of failure should be tension failure in the 
lower flange. In this particular case, it is possible that the beam still will be 
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Fig. D—Graphical solution 


able to carry greater loads through the upper flange and through the stirrups 
alone. An additional investigation is then required. This can easily be 
performed in a similar manner by putting Q, = 0 and Ff, = 0. In that case 
the limiting curve will be reduced to the two parabolas corresponding to the 
upper flange. 3 
As mentioned above the analysis is carried out on the basis of maximum 
principal stress hypothesis; it will, however, be simple to replace the two 
_ parabolas with one single, uniform limiting curve for each flange, applying a 
failure criterion according to Fig. A. 
The solution as in Fig. D has been applied to a great number of prestressed 
_ I-beams, with various degrees of prestressing and various flange areas. In 
most cases a close agreement between calculated and observed ultimate loads 
__ has been found. Mostly the position of Point A has been as shown in Fig. D. 
_ The additional investigation gives higher loads only where the value of F./Fu 
is larger than, say 2. ~ 
In all, the problem of ultimate load for shear failure is complicated, — 


_ the possible combinations of shear span, amount of reinforcement, and the 
‘other quantities involved in the problem. 


and it is believed that a method as described above will cover only a part of | 
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By MICHAEL CHI* 


The authors’ approach to the mechanism of failure of plain concrete is 
puzzling. While use of the three invariants of stresses, J1, J2, and 3 may be 
justified, the property of unequal strengths in compression and in tension in 
brittle materials was not accounted for. Marin’ found that this property 
must be taken care of by empirical coefficients and a shift of reference axes. 
Since Novozhilov’s derivations were not given in full, further explanations are 
desirable before a criterion for ductile failure can be used directly for brittle 
failure. 


Since concrete tensile strength is perhaps less than one-fifth of its resistance 
to pure shear, a torsional specimen may be expected to fail in principal ten- 
sion. Such failures, referred to as ‘average shear” in Table 7, are misleading 
in spite of the fact that they may be equal numerically. 


Applied to beams, Assumption 2 may be too conservative. Ability of 
reinforcing bar at joints to transfer shear has been a basis for design of dowel 
bars in pavements and crossbars in concrete hinges.'* This ability was also 
implied by Mérsch.!* Omission of this ability may contribute to the con- 
sistently low values of V/V; in Table 9. 


Criticism by the authors of v = V/bjd based on “nominal effective area” 
is not justified. This formula was rigorously derived by basic mechanics for 
horizontal shear below a neutral axis. It would be justifiable if the authors 
assert that the horizontal shear is not a correct criterion for failure. 


The above criticisms are perhaps minor in nature and should not mar the 
inspiring ideas and ingenious approaches presented in the authors’ paper. 
Concept of resistance to shear in the uncracked portion of concrete beams is 


revolutionary. It may rationally explain failure of a test rigid frame’® at— 


v = 72 psi, and numerous failures of rigid frames in practice, which led to the 
recent revision of ACI Code for design against diagonal tension. One won- 
ders whether the allowable nominal shearing stress of 100 psi in flat slabs is 
conservative enough at point of countraflexure. The authors’ paper is the 
first step toward rational analysis of shearing resistance of beams. 
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By A. COUARD* 


We must express our gratitude to the authors for having renewed these 
experiments on torsion-compression, and thus to confirm their previous 
experimental results which had been so valuable to us in checking our new 
theory of strength of materials. 


We have been impressed by the fact that the authors seem not to have 
found any experimental result showing a reduction of the torsion strength 
(Fig. 7) when axial compression increases. This result is in perfect accord 
with the Viest experiments on shear, showing an arch for the shear crack. 


As the discusser wrote} ‘‘The shear cracks . . . show that the concrete 
area needed to resist shear diminishes as the compressive stress increases, 


which is in perfect contradiction with the results which could be predicted 


from the application of Mohr’s circle and the intrinsic curve.” 


The elastic theory is developed logically from certain simple assumptions. 


If the end results of the elastic theory can be proved false, then either the 


basic hypotheses or the reasoning, or both, must be incorrect. We believe 
that we have proved the elastic theory wrong on both counts, and since 1953 
we have been awaiting experimental or theoretical challenge (or confirmation) 
of our views. 


By K. W. JOHANSEN# 


In continuation of my comments to McHenry-Karni paper on the same 
theme!’ I should like to make a short remark. When the new tests are plotted 
with om/o, as abscissa and tm/o- as ordinate we get Fig. E. Here o- is the 
strength in pure compression. From triaxial compression tests!®.1° we know 
that the corresponding plotting gives a slightly curved line which near the point 
corresponding to the pure compression test may be approximated by a straight 
line of inclination 0.6. The continuation of this line is shown in Fig. E. Cor- 
responding to the cleavage rupture we get another straight line with inclina- 
tion 1.0 as the condition for this failure is 


CS SF eit 


where o; is the tensile strength. This line is drawn through the mean-value 


point on the 7m-axis in Fig. E. The tests agree fairly well with these straight 


lines. When the tests by McHenry and Karni are treated in the same man- 


ner we again get fairly good agreement with the same straight lines. 


*Member American Concrete Institute, Civil Engineer, Paris, France. 


, oe A., Nouvelle Conception de la Résistance des Matériaux Génie Civil, Paris, 2nd edition, 1957, p. 21. 
a 


‘Professor, Structural Research Laboratory, Technical University of Copenhagen, Copenhagen, Denmark. 
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Fig. E—Authors’ results plotted in terms of om/o- versus Tm/e, where @c is strength in 
pure compression 
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The equation of the first line is 


Tm Tm 
— — 0.5 = 0.6 e - 05] 
Ce Te 


oO; = ao, + 4os 


or 


Richart, Brandtzaeg, and Brown*® got the same equation with 4.1. 
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AUTHORS’ CLOSURE 


The authors wish to express appreciation to all the discussers for their 
comments. Mr. Chi stated that the property of unequal strengths in com- 
pression and tension in brittle materials was not accounted for. Apparently 
the table following Eq. (13) on p. 337 was overlooked. On the basis of a 
linear relation between mean compressive and shearing stresses the relative 
values of uniaxial shear and tensile strength are given in terms of f.’. 

Mr. Chi’s defense of maz = V/bjd as a rigorously derived expression can- 
not be accepted. Considering the freebody shown in Fig. F and assuming 
the so-called rigorous shear stress distribution, the shear V, carried by the 
longitudinal reinforcement across the crack and the shear V, carried by the 


compression zone can be obtained as follows: 


Vu [=k 
V, =vb(d — kd) = — bd (1 — k) = Vu —— 
bjd 5 


and 
14 iS Vu Pr V; 


Using approximate values of k and j of 3g and % respectively, one finds 


V. = 5V./7 and V. = 2V,/7. It is indeed difficult to conceive that 5/7 
of the total ultimate shear is transferred by dowel action. Preliminary: tests,* 
while not conclusive, indicate that at loads approaching ultimate the mag- 
nitude of V, is usually less than 15 percent. Thus the values obtained from 
“rigorous” shear stress formulas lead to completely erroneous results. This 
anomaly arises from the fact that the “rigorous” derivation of v = V/bjd is 
based on fallacious assumptions of stress distribution in a cracked reinforced 


concrete beam. 


The nominal shearing stress v = V/bjd can be used as a design criterion, 
but it may lead to erroneous results if it is considered to be a rigorously de- 
rived quantity. 

Mr. Bernhardt’s comparison of the present test results with those ob- 
tained by Wastlund? is indeed gratifying. As pointed out the differences in 
shape and size of test specimens required to produce biaxial stress states in 


different stress quadrants are complicating factors in attempting to correlate 


‘various experimental data. 
Mr. Bernhardt’s application of failure criteria to determination of shearing 


strength of prestressed concrete I-beams is novel and interesting. As he ~ 


as *Watstein, D., and Mathey, R. G., “Strain in Beams Having Diagonal Cracks,” National Bureau of Standards, 
_ Washington, D. C., 1958. Se 
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Fig. F—Shear pattern and free-body diagram at cracked section 


points out, the assumptions made in establishing the failure envelopes and 
the empirical definition of crack direction limit the validity of the method — 
to a particular class of beams. : 
Dr. Johansen, following the theory of Mohr, suggests the use of maximum 
shearing stress tm = (o1 — o3)/2 and normal stress om = (o, + 3)/2 in pre- 
senting combined stress test results in preference to mean shearing stress and — 
mean normal stress as used in the present paper. The difference is centered ; 
in the significance of the intermediate principal stress ¢2. Novozhilov* has 
shown that the ratio of mean shearing stress to maximum shearing stress 
satisfies the inequality 
' 


0.731 = — = 0.633 


Tm 


Thus, over the range of all possible states of stress the two definitions of 
shearing stress lead to quantitative differences not larger than 15 percent. 
The major effect of the intermediate stress is found in the normal stress. 
For biaxial states of stress, as pointed out previously by Johansen, no infor- 
mation can be gained since, with oz. = 0, 


= 2¢ = constant 


Tm 


and the difference in the two stresses is only a detail of definition. It is only 
in triaxial states of stress that the possible influence of oz can be ascertained. 
Unfortunately, very few tests are available to substantiate one or the other — 
approach. 

In concluding the authors would like to emphasize that the choice of mean 
stresses is predicated upon certain concepts that appear to be significant: 
(a) sufficient generality to include biaxial as well as triaxial states of stress, (b) 
provision for the possible influence of the intermediate principal stress, and 


(c) independence of the properties of elasticity, isotropy, or homogeneity of 
the material. 


Sa Se, NN » we: a 
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Discussion of a paper by Edward K. Rice: 


Economic Factors in Prestressed Lift-Slab 
Construction’ 


By RICHARD C. CLARK, JAMES R. LIBBY, IRWIN J. SPEYER, and AUTHOR 


By RICHARD C. CLARK{ 


Mr. Rice has made a valuable analysis of prestressed lift slab costs in con- 
crete structures. His conclusions compare quite favorably with the recent 
field experience of Western Concrete Structures Co., Inc., subcontractors and 
equipment manufacturers in prestressing and lifting. 


Since his paper was initially presented at the ACI 10th regional meeting 
in 1957, subcontract prices of prestressed lift slabs have continued to de- 


_ erease at the same rate as the slopes of the respective curves shown in Fig. 2. 


This has been possible in our own experience during 1958 largely because of 
increased efficiency in fabrication of the tendons on medium and large jobs. 


Further decreases in lifting prices are anticipated beginning 1959-60 due 
primarily to significant design improvements in new lifting gear now being 
field tested. These changes are expected to lower labor and lifting costs on 
some of the types of lifting gear used and licensed within the industry. 


As Mr. Rice notes, economies in the structure are the result of simplicity. 
For example, one can make all columns and collars to the same sections, re- 
gardless of small to moderate differences in loads. In particular, more wide- 
spread use can be made of the shear key connection, illustrated in Fig. 10, 
as opposed to welding. Collars of 100 percent fabricated steel can save up to 
half the cost of castings. 

There are distinct bidding advantages in using standardized shear keys, 
collars, columns, forms, and appurtenant hardware. The mass production 
and open-stock inventories long used on tendon hardware, anchorages, etc., 
are now being used on these miscellaneous iron ‘“faccessories.”’ 


Finally, the interim financing must not be overlooked quantitatively in 


the case of private work. Three months saved on a 100,000 sq ft building 
~ eosting $1,600,000 amounts to thousands of dollars of interest saved, and if 


the building betters the owner’s investment by a net 6 percent, 3 months of 


qncome can be equated to 24 cents per sq ft. 


Proceedings V. 55), pp. 347-358. _Dise. 55-21 isa part of copyrighted 
30, No. 9, Mar. 1959 (Proceedings V. 55) 


*ACI Journat, V. 30, No. 3, Sept. 1958 ( 
_ +Member American Concrete Institute, Western Concrete Structures Co., Inc., Gardena, Calif. 
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By JAMES R. LIBBY* 


The author has presented an interesting discussion of the factors affect- 
ing the economy, feasibility, and design philosophy of prestressed concrete 
lift slabs. His contribution to the art of lift-slab construction has been sig- 
nificant and worthy of note, since it is apparent that his efforts in collabora- 
tion with others have resulted in lifting techniques and devices which have 
materially reduced the cost of this construction. 


The cost information which was presented in Table 1 would lead the casual 
reader to believe that prestressed concrete and reinforced concrete lift-slab 
structures were being constructed in California as early as 1952. The writer 
represented a prominent prestressing firm in the western United States and 
Canada from 1952 through 1955 and cannot recall any prestressing work in 
connection with lift slabs in the western states prior to late 1953, with the ex- 
ception of experimental construction in Texas in 1952 and 1953 by the South- 
west Research Institute. Late in 1953 a school in Henderson, Nev., which 
used prestressed lift slabs, was designed and put out for bids by a Las Vegas 
architect.t One of the earliest prestressed concrete lift-slab structures in 
California was the Evening Outlook Newspaper Building in Santa Monica, 
constructed in 1954, which had inverted beams on the roof slabs from which 
the second floor was suspended in order to obtain a large column-free area on 
the ground floor. 


Due to his past activities as a lift slab contractor the author is eminently 
qualified to compile a chronological list of early prestressed lift-slab struc- 
tures with their respective bidding dates. Such a list would certainly be of 
value to the profession now and in the future years when it may be advan- 
tageous to compare these structures with other structures which have utilized 
different construction methods in order to determine the relative merits of 
each type of construction. The writer earnestly hopes the author will under- 
take this service to the profession in his closing remarks. 


The experience and records of the writer do not reflect the reduction in 
the cost of prestressing materials from $0.85 per lb in 1952 to $0.55 per Ib in 
1957 as is indicated in Table 1, and which accounts for 90 percent of the total 
indicated reduction in the cost of this construction during this period. Al- 
though the unit cost of post-tensioning materials is significantly affected by 
the quantity, size, and length of the individual tendons, even for the very 
early and small jobs which were bid in California and Oregon in 1952 and 
1953 the cost of the prestressing materials rarely exceeded $0.70 per lb for the 
successful post-tensioning method. On one large job on which the writer 
was intimately associated in mid-1953 in the Los Angeles area, the cost of 
prestressing materials installed, stressed, and grouted was about $0.60 per lb 
in spite of the fact that the tendons had an average length of approximately 
44 ft and about half of the cables were small. 


*Member American Concrete Institute, Consulting Engineer, Hast Norwich, N. 


N.Y 
+Peterson, J. L., ‘‘History and Development of Precast i i : a 
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A significant lift-slab job* was constructed in Winsted, Conn., in 1956 
which utilized conical type anchors rather than button heads. This is pointed 
out as a méans of clarifying the author’s remark which could be misconstrued 
and conceivably lead the reader to conclude that the headed wire systems 
are the only ones which are practicable for this type of construction. The 
normal size conical type anchors have been successfully applied to slabs as 
small as 6 in. thick while the very small size could be used on thicknesses as 
little as 4in. The one-wire systems which have only recently been introduced 
in this country as well as the bar systems could also be applied to this type of 
construction successfully and economically under many conditions. 


GROUTED TENDONS 


The author should amplify his statement pertaining to the “inconsistent 
and often poor results’”’ which have been obtained when grouted tendons are 


~ used in lift-slab construction in such a manner that the specific difficulties 
_ which have been encountered are accurately described. This statement is 


ambiguous and is certainly contrary to recommended prestressing practice 
in nearly all European countries and is contrary to the results of experi- 


- ments which have been conducted by numerous researchers throughout the 


world as can be found in even a cursory study of the literature pertaining to 
prestressed concrete. A thorough study of this literature will certainly con- 


vince the opened minded engineer of the advantages to be gained as a result 
- of proper grouting. 


There is no need for the writer to enumerate the many real advantages 
which are known to result from grouting; however, it should be pointed out 
that the lack of flexural bond in nongrouted construction seriously increases 
the width of cracks which are obtained if the cracking load is inadvertently 
exceeded, and the lack of bond materially reduces the ultimate moment 
that a section could develop if it were adequately grouted. These are ex- 
tremely significant considerations in partially prestressed construction in 


- which tensile stresses are allowed in the concrete under full load and where 


ultimate moment computations are relied upon to a more significant degree 
in determining the adequacy of the safety factors. The use of partial pre- 


Ee stressing is described by the author as often good practice in prestressed lift 
slabs. 


In discussing ‘Tentative Recommendations for Prestressed Concrete,” 


q s Janssoniust states “. . . As I understand it, there is no grouting of prestress- 
_ ing cables or bars in an unbonded construction. I believe that unbonded 


prestressed elements should be avoided and should not be mentioned in the 


*Minges, James S., and Wild, Donald S., “Six Stories of Erpairesoost Slabs Erected by the Lift-Slab Method,” 


AC URN. . 28, No. 8, Feb. 1957 (Proceedings V. 53), p. 751. ” ¢ 4 
Se omeentan ee aoeanaion of a es by ACI-ASCE Committee 323: “Tentative Recommendations for 


Prestressed Concrete,” ACI Journat, V. 30,-No. 3, Part 2, Sept. 1958 (Proceedings V. 54), p. 1231. 
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recommendations.” Although the writer feels this viewpoint is too strong 
and that unbonded tendons should be allowed in less important structures 
and where fatigue and flexural bond stresses are relatively insignificant, it is 
important to recognize that there are professional engineers who feel the use of 
unbonded tendons yield questionable results. 

The opinions expressed by T. Y. Lin,* to the effect that designers should 
think in terms of the adequate performance of structures in the so-called 
elastic range and be certain of the factors of safety of the structures, are 
shared by the writer since computations for an inelastic material such as 
concrete obviously cannot be precise if based upon elastic assumptions. Be- 
cause of this, stress distributions at design and cracking loads as determined 
by elastic analyses are at best approximate—a fact which substantiates the 
need of the very real advantages which are to be gained from grouting with a 
properly proportioned, mixed, and injected grout. 

An adequate recommended practice for grouting has not as yet been written 
in this country. Although the remarks contained in “Tentative Recommenda- 
tions for Prestressed Concrete” pertaining to grouting constitute a good start- 
ing point, the writer believes from his own experience that these reeommenda- 
tions should be expanded to include limits for the water-cement ratio to be 
used in the grout mixture, recommendations regarding the use of aggregates 
and admixtures, and limits for the pressure used to force the grout through 
the ducts. It should also be strongly recommended that the ducts which 
contain the post-tensioned tendons be water-tight from entrance port to 
exit port before grouting is commenced as a means of preventing the leakage 
of grout and the plugging of ducts and sheaths which result from such leaks. 
This last point is practically never covered by grouting specifications and 
can mean a great deal in the success of the grouting operation. Experience 
has shown that with an adequately written grouting specification, competent 
inspection, and adequate equipment and workmanship, the “inconsistent 
and often poor results” can be changed to a very real improvement in an 
unbonded structure at negligible increase in cost. 


By IRWIN J. SPEYERT 


The author’s review of various factors relating to prestressed lift slabs, 
which was most interesting and informative, has considerable authority by 
virtue of his experience record as a former contractor combined with his 
present consulting partnership. While the paper only considers practice and 
economies in the Southwest, the conclusions drawn should apply to other 
areas as well. There are certain items which it would indeed be interesting 
to have the author enlarge upon, some of which have been dealt with in the 
paper, and others which have not. 
~#Lin, T. Y., discussion of a report by ACI-ASCE Committee 323: ‘Tentative Recommendations for Pre- 


stressed Concrete,’’ ACI Journat, V. 30, No. 3, Part 2, Sept. 1958 i 
+Member American Concrete Institute, Freyssinet Co., New ae id Yoeh Re. 
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DESIGN OF FLAT SLABS 
Under service loading 


The two general methods employed for determining service load moments 
are: 
1. By coefficients, as in ACI 318-56 
2. By a bent analysis 
a. Using a uniform width strip in each direction. 


b. Using a varying width strip, such as is formed by diagnonals emanating from 
the columns. 


The three methods have been compared in a previous ACI paper and diff- 
erences worthy of consideration have been noted. The writer’s past practice 
has been Method 2(b), primarily because this avoids duplicating portions 
of the same load in two directions. Perhaps the author would care to com- 
ment on his own practice. 


Under ultimate loading 


The author advocates the use of nonbonded tendons. The recent ACI- 
ASCE Joint Committee 323 recommendation states in effect that unless 


_ tests have been performed on structures closely approximating the proposed 


construction, the steel stress at ultimate should be considered as only 15,000 
psi higher than the stress at service loads. For the steel which the author 
uses, this represents roughly a 10 percent increase over design stress as com- 


4 - pared to perhaps a 50 percent increase when using bonded tendons. We 


wonder whether the author has knowledge of any tests to ultimate failure of 
nonbonded prestressed flat slabs, and what his practice is with respect to 
computing the ultimate strength of this type of construction. 


CONSTRUCTION PRACTICES 


_ Precast concrete columns 


The author’s use of precast columns is a logical step in the development 
of lift slab construction, and his opinion that long columns are more econo- 
mical when prestressed is shared by others. The major problem when em- 


 ploying concrete columns, that of connection to slab, has been solved in one 
- fashion by the author (Fig. 10). With respect to this detail, it is not clear 


whether the bottom of the concrete slab rests on top of the steel shear key, or 
whether a connection is made within the space between the column and the 
slab, resulting in the bottom of the slab being flush with the bottom of the 


key. 
This detail raises a second question. The problem of resting a precast 


_ -slab which is continuous over a number of supports on these supports, with 


the assurance that all points of bearing are at the same elevation, is one to 


which the author has probably given considerable thought. Possibilities 
of fabrication errors in the columns exist and permissible tolerances in erec- 
tion must be allowed for. For instance, the possibilities of an out-of-plumb 


ee 
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column and a column slot which has not been manufactured truly perpendicu- 
lar to the column might result in the slab bearing on one side of a shear key 
only. The author’s assurances would be indeed welcome. 


Prestressing 

The author indicates a preference for nonbonded tendons and states that 
grouting has yielded “inconsistent and often poor results.” In the past 8 
years during which time prestressing has exhibited its amazing rate of growth 
and acceptance, we believe it a conservative estimate to state that over 
100,000 bonded (grouted) post-tensioning cables have been employed in the 
United States alone. Cases of inconsistent and even poor grouting have 
been only a negligible percentage of the total, and can be directly attributed 
to procedures not in accord with standard recommendations, or to careless 
supervision. This is not to say that we can accept today’s standard pro- 
cedures as being the final answer, and the time spent by the various pro- 
fessional and manufacturing organizations on this question is proof indeed of 
their continuing interest. It is our feeling that this widespread interest and 
large number of research projects is directly attributable to the opinions of 
the majority that a properly bonded tendon is preferable to a nonbonded one. 
In the minds of many engineers, important questions relating to behavior of 
nonbonded prestressed members have not fully been answered, such as the 
safety of this type of construction when subjected to fire. Results of a fire 
test would go a long way toward answering this question. If test data are 
lacking, perhaps the author would indicate his opinion on this problem. 


In closing, we believe we also speak for other engineers in stating that the 
author’s firm should be publicly congratulated for the efforts which they 
have expended over these past years toward the proper development of this 
new form of construction. Theirs has been a major contribution to the 
present state of the art of prestressed lift slab construction. 


AUTHOR'S CLOSURE 


The author is pleased by the interest shown in the paper and the discussions 
which have followed its publication. The discussions have raised several 
points which deserve comment at this time. 


Since the design of prestressed concrete lift slabs is the subject of a forth- 
coming paper by the author and Felix Kulka,* detailed discussion of the de- 
sign of prestressed concrete lift slabs will not be undertaken at this time. How- 
ever, in answer to Mr. Speyer’s query regarding the design of flat slabs, we 
prefer using the bent analysis because it is relatively simple and yields satis- 
factory results. The results of recent tests conducted on a continuous pre- 
stressed lift slab at the University of California, sponsored by the California 
~*Presented at ACI 55th annual convention, Los Angeles, Feb. 25, 1959. 
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Division of Architecture, have shown this method of analysis, when properly 


applied, to be satisfactory for service loads.* 


For convenience of construction as well as analysis, the rectangular pattern 
of tendons is preferred to the diagonal pattern. 


Nongrouted tendons 

It is well known that the grouting of tendons will slightly increase the 
ultimate strength of a prestressed concrete member but in prestressed con- 
crete lift slabs, the design is controlled by proper behavior—which is gen- 
erally a flat slab with negligible deflections. Such a slab when properly de- 
signed will possess more than sufficient ultimate strength even with non- 
grouted tendons, as has been shown by several tests at the University of 
California. Tests have shown that due to the number of ups and downs in a 
continuous tendon the high friction developed produces a slab with an ulti- 
mate strength almost as great as could be obtained with a well grouted tendon. 

Hence, under all the conditions encountered so far, there has been no. 
necessity of grouting for increasing the ultimate strength in these slabs. 


Fire resistance of nongrouted tendons 

A recent fire test on a two-way slab prestressed with unbonded tendons 
clearly demonstrated the tremendous fire resistance of this type of construc- 
tion. The test was conducted by Prof. George Troxell of the University of 
California in accordance with standard ASTM test procedures. The un- 
bonded tendons had 11% in. coverage of hardrock concrete. The test speci- 
men technically “failed” in 3 hr, 50 minutes due to heat transmission to the 
unexposed surface; however, it continued to carry the load for a full 4 hr! 


Construction practices 
Due to the low depth-span ratio of most lift slabs, they are quite flexible 
and some unevenness of support is not serious. Originally it was thought 


that shimming to take up variations between the shear key and the lifting 


collar might be necessary; however, to date little if any shimming has been 
required. 


*Lin, T. Y., Scordelis, A. C., and Itaya, R., “Behavior of a Continuous Concrete Slab Prestressed in Two Direc- 
tions,” Institute of Engineering Research, University of California, Aug. 1958. Also presented at ACI 55th 
annual convention, Los Angeles, Feb. 26, 1959. 
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Disc. 55-23 


Discussion of a paper by Harold Samelson and Abba Tor: 


Stresses in Reinforced Concrete Sections Subject to 
Transient Temperature Gradients» 


By TUNG AUt 


The authors have presented a practical procedure for determining the 
thermal stresses in reinforced concrete sections subject to transient tem- 
perature gradients. There are several points in the paper which the writer 
would like to clarify. 


In Fig. 3, the steady state gradient indicates a change of temperature from 
220 F at interior face to 211 F at exterior face of concrete. Actually, there 
is a temperature drop of 1.87 X 2.36 = 4.4 deg through the 1 in. insulation, 
according to the computations shown on p. 379. The change of temperature 
in concrete is therefore from 215.6 F at interior face to 206.8 F at exterior 
face. However, this does not affect the subsequent computations for steady 
state gradient since At for concrete remains 8.8 deg. 


To make C = T in Fig. 4, a line perpendicular to the wall surfaces must 
be so located that 4; = Ae. A general formula can be given for a concrete 
section with n equal segments. With reference to Fig. A, let yo, yi, Ya, - » Yn 
be the transient temperatures at 0, 1, 2, . . . m segments from the interior 
face of concrete. Then, from the areas of the trapezoids, it can be seen that 
the temperature y, at the neutral axis from such temperature gradient is 


ieee 4 
A abe aU oe eae ae egal fe Pe eat, (13) 


n 


If At in Eq. (4) is defined as the difference between Ya and the temperature 
y at any fiber of the concrete section, or At = ya — Y¥, the circumferential 
stress at this fiber will be given by: 


fee Ab Eg Yow ok oo Fn wins woo te os (14) 


Eq. (14) will indicate automatically tensile or compressive stress since f is 


positive for y < Ya and is negative for y > Ya. It should also be noted that 
A in Eq. (5) and (6) has the unit of deg-in. and is not the same A as defined 
*ACI Journat, V. 30, No. 3, Sept. 1958 ere’ 


cAN Concrete Institute, V. 39, No. 9, Mar. 1959 (Proceedings V. 55). : ; 
oe vee ee 9 COON Concrete Institute, Associate Professor of Civil Engineering, Carnegie Institute of Tech- 


nology, Pittsburgh, Pa. 
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Fig. A—Temperature gradient in terms of 
transient temperatures at O, 1, 2,....n 
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in the notation on p. 377. With « having the unit of 1/deg, the unit of C or 
T is force per unit length of the tank in its axial direction as given by Eq. (5): 


C = T = deg-in. X lb per sq in. X 1/deg = |b per in. 
And with the distance a in in., the unit of moment M, as given by Eq. (6) is: 
M, = |b per in. X in. = in.-lb per in., or ft-lb per ft 


Applying Eq. (13) to the example shown in Fig. 5, yo = 168 F, y: = 121.7 F 
and y, = 83.7 F forn = 2. Hence, 


Ya = 4 (168/2 + 121.7 + 83.7/2) = 123.8 F. 


The difference of 123.8 — 121.7 = 2.1 F is slightly different from the value 
of 1.3 F indicated in the figure. Furthermore, it is clear from the geometry 
of the areas shown in Fig. 5 that the area A from either tensile or compressive 
force is smaller than 45 X 12.5 X 4, and the distance a is not exactly 2/3 X 25 
as given in the computation for critical transient temperature gradient on p. 
382. While these numerical errors are rather insignificant insofar as affecting 
the final result is concerned, they may obscure the fundamental relations in 
Eq. (6). 

More often than not, stresses instead of moments from the external loads 
are superimposed on those resulting from the temperature gradient. Then 
the circumferential stress at any fiber due to the temperature gradient can 
readily be computed by Eq. (14). For instance, at interior face of concrete, 
f = B& (ya — Yo), oF . 


f =3 x 10° x 5.5 x 10% X (123.8 — 168) 


= — 729 psi compression in concrete. 
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Disc. 55-24. 
Discussion of a paper by J. A. Hanson: 
_ Shear Strength of Lightweight Reinforced Concrete 
| Beams 
By JOHN E. BOWER, PHIL M. FERGUSON and J. NEILS THOMPSON, 
I. M. VIEST, and AUTHOR 
By JOHN E. BOWERT 
The writer would like to supplement the author’s comments and test results 
: with results of his own thesis investigation.{ 
. The diagonal tension cracking data of the author’s beams were analyzed 
: using an expression developed by the writer. In the analysis only the initial 
; diagonal tension crack is considered. The equation 
Mea 
, 0. 6 +39 b/d 
Ss et i ee ere 
V fel (M/V)< + 10 
mpd 


which is a modification of that presented by Morrow and Viest,® was developed 
from a series of tests comprising five simple beams and 29 simply supported 
beams having various degrees of moment restraint at the ends. All beams 
were of Wabash River gravel and torpedo sand. 

Fig. A shows that there is good agreement between the author’s results 
and the aforementioned equation. The figure is especially effective in point- 
ing out the increased diagonal cracking strength observed by the author for 
those beams using Aggregate 7. It is these results and the absence of a definite 
trend in the remaining results which preclude the addition of a ‘lightweight 

_ aggregate reduction factor” to the writer’s equation. It should be added 
that the writer’s equation agrees well with the data of Morrow and Viest® 
and Moody, et al.* 

Two companion specimens in the author’s tests gave conflicting results, 
one failing by diagonal tension cracking while its companion failed at a much 
higher load than that producing diagonal cracking. This phenomenon was 
also noticed by the writer in four pairs of companion specimens designed to 

- fail at a higher load than the diagonal cracking load. In all cases, it was 
noted that the diagonal tension crack in the beam failing at the low diagonal 
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*ACI JouRNAL, V. 30, No. 3, Sept. 1958 (Proceedings V. 55), p. 387. Disc. 55-24 is a part of copyrighted JouRNAL 

~ or THE AMPRICAN CONCRETE INSTITUTE; V. 30, No. 9, Mar. 1959 (Proceedings ViDO)e Pe 

- +Member American Concrete Institute, Research Engineer, Applied Research Laboratory, U.S: Steel Corp., 

Monroeville, Pa.; formerly Research Assistant, Department of Theoretical and Applied Mechanics, University of 

Illinois. ; : eet gia De 
B , John E., Jr., “Shear Strength of Restrained Concrete Beams Without Web Reinforcement,’’ MS Thesis, - 

= Botnet of Theoretical and Applied Mechanics, University of Illinois, Urbana, Ill., Aug. 1957. 
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AGGREGATE 


NO. 9 AGGREGATE 
AGGREGATE NO. 2 AGGREGATE 
AGGREGATE NO.3 AGGREGATE 
AGGREGATE NO. 4 AGGREGATE 


(M/V), 
npd 


Fig. A—Comparison of author's diagonal tension cracking data with Bower equation. 


cracking load was less steep than the crack in the companion specimen which 
failed at a load greater than that producing diagonal cracking. 


It is concluded that the aforementioned equation adequately predicts the 
diagonal tension cracking load of lightweight concrete beams. Also, from the 
observation that, given two companion beams, one may fail at the formation 
of the diagonal tension crack while the other sustains additional load, it is 
evident that the diagonal tension cracking load should be considered the 
ultimate load in any design calculations so long as the beam is without web 
reinforcement. 


By PHIL M. FERGUSON and J. NEILS THOMPSON* 


Although investigations on lightweight beams should certainly be en- 
couraged, it is unfortunate that Conclusions 3 and 4 were included in this 
paper. It is the opinion of the discussers that Conclusion 3 is refuted by a 
more careful analysis of the data presented and Conclusion 4 is possible only 
because the author limited himself to small (impractical) shear spans and 
large percentages of steel. 


The conclusions as stated in the paper seem to indicate that the ACI Build- 
ing Code values of allowable shear stress are amply safe when used with 
lightweight concrete. Evidence is accumulating that such is not the case. 


*Members American Concrete Institute, Professors of Civil Engineering, University of Texas, Austin, Tex. 
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Since A. P. Clark’ in 1951 called attention to the increased shear resis- 
tance which went with loads close to the support, the ratio of shear span to 


depth, usually designated as a/d, has been considered a major variable in 


diagonal tension studies. When a/d exceeds 4 or 5 the ultimate shear v is 
nearly constant and the exact value of a/d is not too important. When a/d 
is as small as the author’s value of 2.5, strength of ordinary gravel concrete 
is roughly 60 percent higher than for an a/d of 4. When a/d 1s only 1.35, 
the shear strength is tripled or quadrupled.*® 

This idea of a general and large increase in shear strength as a/d decreases 
has had wide acceptance for a number of years in spite of the fact that the 
exact a/d beyond which changes in shear strength become quite minor is not 


yet accurately mapped for all conditions. The value is probably a function 


of the percentage of tension steel; and it may not be the same for gravel con- 
crete and for lightweight concrete. 

Many of the shear tests made earlier (and even some after 1951) must 
be largely ignored or discounted because they used small a/d values. To 
these discussers it appears that the data presented by the author have small 
practical value for the same reason. Lower ultimate strengths would have 
been found if larger a/d values had been used in the program; and it is these 
lower values which must be used in establishing permissible design stresses 
for shear. 

There is, however, an important feature introduced in this paper which 
is significant. The author uses the diagonal cracking load as the basis for 
shear strength. This is a step in the right direction. It means that the 
shear strengths which the author reported will not be influenced as severely 
by a change in a/d as would be the case if he had used ultimate shear strengths. 
Nevertheless, there is no reason to assume that diagonal tension cracking 
is independent of a/d. There is considerable evidence to show that initial 
diagonal cracking is also a function of a/d. 


The author compares his results with a series of sand-and-gravel beams 
reported by Moody, et al. In the fourth paper? in that series (p. 701) a for- 


~ mula for v, at initial diagonal cracking is developed. This formula includes 


the factor (1 — 0.1M/Vd), where M/Vd is equivalent to a/d. This would 
indicate that an a/d of 4 would lead to a unit shear only 80 percent as large 
as those for the author’s sand-and-gravel beams with a/d of 2.5. The dif- 
ference for lightweight beams might be larger. 

A second variable, not so universally recognized but nevertheless quite 
important, is that of the percentage of tension steel. The author’s beams 
each contained 2.5 percent of steel. Tests at the University of Texas indi- 


 eate that shear strength (for f.’ = 3500 psi) decreases about 15 percent for 


~~ each 1 percent decrease in the steel ratio. 


The author’s test results have been plotted in Fig. B, which is similar 


to Fig. 7 in the original paper except that the beams with 5.0 percent steel 


have been omitted, the second diagonal eracking stress has been omitted, 
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Fig. B—Revised plot of shear strength versus cylinder strength 


and a cross mark has been used for all the various lightweight aggregates. 
For purpose of discussion, three groups of the University-of Illinois sand- 
and-gravel beams have been indicated as Groups A, B, and C, while all the 
other University of Illinois beams that are denoted as black circles may be 
considered as constituting a fourth group, D. A fifth group, E, also from 
the University of Illinois, includes five beams denoted by open circles with 
external cross marks. The author compared all these five groups with the 
lightweight beams, although not separately. 


In making such a comparison, it must be kept in mind that all the light- 
weight beams contained 2.5 percent steel and were tested with an a/d of 
26/10.5 = 2.47. For the sand-and-gravel beams the corresponding data are 
different, as indicated in Table A. (The last line of data refers to some Uni- 


versity of Texas tests on lightweight beams which are mentioned later in the 
discussion. ) 


Since none of these University of Illinois beams contained as much steel 
as the author’s beams, it is not surprising that generally their shear strengths 
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sults. In contrast the single Univer- 
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are low compared to the author’s re- TABLE A—COMPARISON OF p AND a/d 
FOR BEAMS OF FIG. B 


sity of Illinois beam with 2.46 percent Granny Soe asd 


of steel (at f.’ about 4 kips per sq in.) Hanson 50 2.47 


2, 
A ++ : ) i A (University of Illinois) | 2.15—2.37 
falls quite near the author’s sand-and- 8 (University of Illinois) 17 60-1.06|| 2.02 t0 3.06 


gravel beams (with 2.5 percent of steel). 5 (Gaver of itteersy | 1! e0an0.e) 


3.41 ‘ 
; B (University of Illinois) | 0.57—2.46 | 1.89 to 2.02 
Furthermore, the beams in Groups as noted on } 


; ; . Fig. B 
A, B, C, and D had a/d values consid- University of Texas 0.75—1.50 | 3.50 to 7.00 
erably larger than the author’s beams. 
This should, and did, lead to lower 


shear strengths. In Group E the smaller a/d would be expected to give 


higher strengths but this was offset by the small steel percentages (marked 
on Fig. B) used in all but one of this group. 


The above study points out that the comparison which the author proposes 


between his lightweight beams and the University of Ilinois sand-and-gravel 


beams is rather far fetched and actually should carry little weight. These 
discussers feel that Conclusion 3 should simply have quoted from an earlier 
comment in the paper: 
‘Results for concrete made with lightweight aggregates No. 2-6 and No. 9 are grouped 
closely at approximately 75 percent of the shear strength of the normal weight concrete 
_ made with Aggregate 8. Aggregate 7, the sintered shale, produced concrete with a 
shear strength equal to that of Aggregate 8.” 
For practical use, the validity of any comparisons established at an a/d of 
2.47 is somewhat doubtful. 
When a/d is increased and the steel is reduced to the usual design range, 
all types of concrete show up less favorably in shear strength. Out of data 


~ accumulated from graduate thesis research at the University of Texas, but 


not yet ready for publication, 12 lightweight concrete (expanded shale aggre- 


gate) ‘beams have been found which were tested at a/d values of 3.5 to 7.0 


and contained percentages of steel ranging from 1.5 percent down to 0.75 
percent. These beams all failed in diagonal tension, with f, below the yield 
point. T heir ultimate shear strengths have been represented by solid squares 
in Fig. B. (Ultimate shear strength is not much, if any, above the cracking 
strength in the case of the larger a/d values.) These plotted points demon- 
strate rather specifically that Conclusion 4 in the paper, which mentions 
safety factors of 2.0 to 4.0, does not apply widely enough to be used as a 
general guide. . ; 
Tt is not difficult to envision practical cases, even without the presence of 
any external restraint, in which the factor of safety would be as low as 1.15 


or 1.20. It thus appears that stirrups probably should be required in all — 


lightweight concrete beams or that the unit shear stress should be kept 
much below the 90 psi limit in the ACI Building Code. 
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By |. M. VIEST* 


Numerous experimental investigations of reinforced concrete beams dur- 
ing the past decade have shown that the diagonal tension strength of a sec- 
tion depends primarily on four quantities: (1) the cross-sectional dimen- 
sions, (2) the quality of concrete, (3) the percentage of tensile reinforcement, 
and, (4) the ratio of moment to shear. General conclusions concerning the 
comparative behavior of beams made with lightweight aggregates may be 
drawn only after the coverage of all four of these important variables. Thus, 
other investigations are needed in addition to that reported by the author. 
Meanwhile his data should prove valuable in checking the available theories 
for diagonal tension cracking and in’ planning of future experiments. 


The author chose the concrete quality as the only major variable; he also 
included two levels of the percentage of tensile reinforcement but kept con- 
stant the ratio of shear to moment and the cross-sectional dimensions. By 
inclusion of five specimens made with sand-and-gravel concrete, the author 
made it possible to evaluate directly the comparative behavior of lightweight 
aggregate beams. The data show clearly that the diagonal tension strength 
varies with the type of aggregate and that the diagonal tension strength of 
lightweight beams may be significantly lower than that of sand-and-gravel 
beams. On the other hand, one series shows that lightweight beams may be 


equally strong or even stronger in diagonal tension than sand-and-gravel 
beams. 


The variability among the beams made from different type of aggregates 
is not surprising particularly in view of Shideler’s report* which has shown 
rather wide variations in the structural characteristics of the concretes in- 
cluded in the author’s study. This variability points out the need for an 
analytical approach which would make it possible to evaluate diagonal ten- 
sion strength on the basis of certain known properties of any particular type 
of concrete. Until such an approach is developed, it will be necessary to 
determine the diagonal tension strength of every lightweight aggregate 
concrete separately through an extensive experimental study. 


Theoretical considerations suggest that concrete may affect the diagonal 
tension strength through four of its characteristics: the resistance to prin- 


*Member American Concrete Institute, Bridge Research Engineer, AASHO Road Test, Ottawa, Ill. 
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cipal tensile stress, the modulus of elasticity, the bond characteristics, and 


the development of tensile cracks. Experiments with sand-and-gravel con- 
eretes have shown that for such aggregates a reasonably good correlation of 
the test data may be obtained by expressing the concrete quality with one 
value, cylinder strength f.’.. This finding suggests that for sand-and-gravel 
concretes the variations in the effects of bond and tensile cracking are negli- 
gible. 

For concretes of lightweight aggregates the relationship between the ten- 
sile strength and the modulus of elasticity may be significantly different 
than for sand-and-gravel concretes. Thus, data such as those reported by 
the author permit a particularly valuable check on the existing theories for 
diagonal cracking. 

The writer’s recent studies have indicated that diagonal tension strength 
of a cross section may be evaluated approximately from the following ex- 
pression: 


we B, Voa\ 5, 
ra (A +B Ji A Sra NC ether yet cae oe (1) 


V = external shear force at the section V/M = ratio of shear to moment at the sec- 


considered tion considered 
3 : : = ratio of tension reinforcement 
b, d = dimensions of the cross section P : ke 
f.’ = resistance of concrete to principal 


tensile stress 


E,, E, = moduli of elasticity of steel and con- 
numerical parameters 


crete, respectively A,B 


For beams made with sand-and-gravel concrete, Eq. (1) gives safe values of 
the ultimate strength in diagonal tension with 


Af! = 1.9 Vf psi 


E, P 
B EB = 2500 psi 


The diagonal tension strength of author’s beams made with Aggregate 8 was 
computed from Eq. (1) and a com- 


parison with the test results is shown 
in Table B. 

Thus on the average, the author’s 
beams of sand-and-gravel concrete 
were 20 percent stronger than indi- 


_ -eated by Eig. (1). 


The strength of beams made with 
lightweight aggregates cannot be com- 


- puted from Eq. (1) because the values 
BofA; B, and f,’ are not known. How- 


TABLE B—DIAGONAL TENSION 
STRENGTH, TEST RESULTS COMPARED 
WITH CALCULATED VALUES, FOR BEAMS 

MADE WITH AGGREGATE 8 


Specimen V test / Veale 
8A-X 1.21 
8A 1.26 
8B 1.24 
8C 1.16 
8D 1.11 
Average 1.20 
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ever, if the assumption is made that Parameters A and B are the same as 
for sand-and-gravel concrete, the ratio of the tensile resistance f,’ to the 
tensile resistance f’:., of the sand-and-gravel concrete may be evaluated from 
Eq. (1) with the aid of the test data as follows: 


fi’ _ Venegas ae 1 (2) 


‘es aces Beo\ V 
v0 1.2 bd f/ | 1.9 + 2500 ( ‘) nt A 
E. / Mf. 


0.5 Psy. 


ll 


where V tes: 
Es, = modulus of elasticity of sand-and-gravel concrete 
E. = modulus of elasticity of lightweight concrete 


M/V =a —d = 15.5 in. 


Values of Ps; are given in Table 4. The modulus of elasticity E.., is given in 
Table 3 for five values of f.’; the following relationship is in excellent agree- 
ment with the data: 


Bose = AB BO0 AB dro veces see ee (3) 


For every type of aggregate, F.,,/E., computed with £,,, from Eq. (3) and 
BE, values from Table 3, was found to be almost constant; the average ratios 
were used for each type of aggregate. 
Ratios f;'/f’1., computed from Eq. (2) are shown in Table C. 
The actual ratios f;’/f’1., may be esti- 
TABLE C—fi'/ F tsa COMPUTED BY EQ. (2) mated reasonably accurately on the 
Specimen | fi'/f’m | Specimen | fi'/f'u basis of the moduli of rupture. Un- 
aa oles | RA 0.82 fortunately, such data are not re- 
2A i oer ported by the author and Shideler’s 
6B 0.68 study* contains moduli of rupture 
3B 0.73 7A-X 1.01 only for specimens subjected to con- 
4A 0.67 7B 0.94 tinuous moist curing. However, the 
4C 0.51 ratios in Table C are of reasonable 
: a order of magnitude except perhaps for 
Specimens 4C and 4D.* 
If the ratios in Table C are correct values for the materials under consid- 
eration, the differences in diagonal tension strength of the lightweight and 
sand-and-gravel beams are fully explained by the differences in the tensile 
strength and in the modulus of elasticity. Eq. (1) with 


ee ee 
z= 


19 Vel 
Sta 

p = S0vi 

ftp 


*Placing an arbitrary limit Veate/bd S 3.0 V fc’ results in f’1/f’ag = 0.64 and 0.69 instead of 0.51. 
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gould then be used with reasonable confidence for predicting the diagonal ten- 
sion strength of beams made with lightweight aggregates. 

On the other hand, if the ratios in Table C are not correct, either the Para- 

meters A and B are functions of the quality of concrete (bond characteris- 


f tics, tensile cracking), or Eq. (1) is not generally applicable. 
AUTHOR'S CLOSURE 
Z The author sincerely appreciates Mr. Bower’s discussion that confirms 


the parity of lightweight concrete shear resistance and that of normal weight 
concrete. The discussion is particularly useful because the analysis includes 
the effect of widely varying moment-shear ratios and tension steel percent- 
ages. In accordance with Morrow and Viest, Mr. Bower has expressed 
the relationship between diagonal tensile strength and compressive strength 
as the ratio of unit shear at cracking load to the square root of the com- 
pressive strength. The effects of moment and amount of tension steel on 
shearing resistance are expressed by the term 


(M/V)« 
mpd 


‘ 


(M/V), is the ratio of moment around the centroid of the compressive force 
to the shear at the section of diagonal tension cracking, 1.e., it is equal to 
d:, Where a, is defined as the distance from the section of zero moment to the 
intersection of a diagonal tension crack with the tension reinforcement. For 
most test beams reported in the literature, a, would be assumed as half the 
shear span. More will be said of this type of analysis later in this closure. 
It is highly gratifying to read both Mr. Bower’s and Professors Ferguson’s 
and Thompson’s agreement that only the diagonal cracking load should be 
considered as the ultimate in design of non-web-reinforced beams. 
4 Professors Ferguson and Thompson question the accuracy of the author’s 
Conclusions 3 and 4. Their objections are based on two features of the test 
- program: (1) beams with relatively short “shear span,” and (2) relatively 
high tension steel percentages. The author was certainly aware at the out- 
set of the program that these variables, particularly the first, affect nominal 
unit shear to a moderate but significant degree. However, it was the purpose 
of the investigation to gather shear strength data on concretes using seven 
representative lightweight aggregates, rather than to investigate the whole 
field of diagonal tension. The deliberate omission of the terms “shear span” 
and ‘“‘a/d” from the paper might have caused some misunderstanding of this 
limitation of the program. Such terms are unfortunate in the study of diagonal 
tension since they have significance only in the case of the most simple con- 
‘centrated loadings. 
Evidence of the validity of their objections is offered by Professors Fer- 


guson and Thompson by their Fig. B. In this plot of nominal unit shear 
| th, they have reproduced the data of the author’s 
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versus compressive streng 
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lower strength beams and a few chosen points from the data of References 
4 and 6. To this, they have added the unpublished results of 12 lightweight 
concrete beams tested at the University of Texas. The shear strengths of 
all 12 of these beams, containing a single lightweight aggregate, fall below 
those reported in the paper. 


In spite of the “more careful analysis’ presented by the discussers, it 
is not clear to the author just how this “study points out that the comparison 
which the author proposes between his lightweight beams and the Univer- 
sity of Illinois sand-and-gravel beams is rather far fetched and actually 
should carry little weight.” Neither is it clear why only these particular 
data from the above mentioned references should be considered as proper 
comparison with the lightweight concrete data. Instead, Fig. B exhibits the 
large scatter of results common to all diagrams of nominal shear versus com- 
pressive strength. The addition of the University of Texas data strongly 
enhances the author’s remarks early in the paper regarding the large varia- 
tion in structural characteristics of lightweight aggregates, even between 
aggregates of similar type. 

Professors Ferguson and Thompson recommend rejecting or discount- 
ing diagonal tension data from beams with a/d values less 3.5 to 4.0. The 
author prefers to consider that tests within this range disclose important 
inherent characteristics of the material, just as do comprehensive tests of 
6 x 12-in. cylinders. The extension of such data to the wide range of a/d 
values used in practice is another problem—and an important one—on which 
many investigators are now concentrating attention. 

The discussers surmise that the reduction of diagonal tension strength with 
increasing moment-shear ratio may be larger for lightweight concretes than 
for normal weight materials. To clarify this point, the author has prepared 
Fig. C, using the parameters proposed by Mr. Bower. The use of these 
parameters by the author should not be construed as indicating complete 
agreement with their particular formulation. However, the trends of the 
three important variables, compressive strength, M/V, and tension steel 
percentage, are certainly in the proper direction. Thus, the parameters 
are adequate for present purposes. The University of Texas results, which 
were made available to the author by Professor Ferguson, have been added 
to the author’s to give a range of data for lightweight concrete beams with 
a/d values from 2.48 to 7.0 and steel percentages from 0.75 to 5.0. The more 
voluminous data on normal weight concretes from Reference 6 and from 
Mr. Bower’s thesis have been superimposed on the same diagram. The 
Texas beams and the PCA lightweight beams (with the exception of the 
higher-strength No. 7) overlap Bower’s beams, and the three sets of data from 
a continuous sequence which suggests strongly that there is no significant 
difference in the manner in which the strengths of the various materials vary 
with M/V or with steel percentage. ; 
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e —-PCA Normal Weight Tests 
© -PCA Lightweight Tests 
T — Univ. of Texas Lightweight Tests 


a Vv - Bower Normal Weight Tests (Univ. of Illinois) 
+ - Ref. No. 6, Normal Weight Tests (Univ. of Illinois) 
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Fig. C—Bower parameters for shear strengths of lightweight and normal concrete 
beams 


Fig. C also shows that the author was warranted in comparing his data 
with those of other investigators. The Texas beams certainly fall with- 
in the lower range of the data, but much of Bower’s data are within the same 
range. Thus, Conclusion 3 of the paper is justified and should be included 
without revision. Some discussion may be in order in regard to the last 
sentence of Conclusion 3 and to part of the text of the paper. The above 
discussion and Fig. C involve the unit shearing resistance due to applied 
dead and live loading. If extraneous tensile stress, such as that from re- 
‘strained drying shrinkage, is superimposed on that due to applied load, the 
indicated resistance to diagonal tension will be lowered. Some, but not all, 
lightweight concretes exhibit greater drying shrinkage than most normal 
weight concretes. In cases where restraint will occur with these higher shrink- 
age concretes, conservative allowable shear values should be employed in- 


design. 

- Concerning Conclusion 4, it certainly was not the purpose of the investi- 

gation to study the adequacy of the current ACI Building Code in regard 

to shear stresses. The conclusion only stated the obvious results of Fig. 7 

in regard to the beams studied at the Portland Cement Association Laboratories. 
In light of the comparison shown by Fig. C, it appears that lightweight con- 
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crete is in the same relative position as normal weight concrete insofar as 
factors of safety over the Building Code are involved. 

The author appreciates the discussion by Dr. Viest. There is one point 
in his discussion that causes considerable concern on the part of the author. 
That is the suggestion that the modulus of rupture might be used as a meas- 
ure of the resistance of concrete to principle tensile stress. The modulus of 
rupture test, in which the nonreinforeed specimen is allowed to dry for some 
period, is sensitive to the effects of shrinkage. During the drying period 
residual tensile stresses may build up at the faces of the specimen, or even 
actual visible cracking may develop. Both conditions would reduce the 
indicated tensile strength by variable and uncertain amounts. In the case 
of a reinforced concrete beam that undergoes the same drying period, much 
of this nonpredictable strength reduction is probably removed by the pres- 
ence of the reinforcing steel. The steel should reduce the differential stresses 
set up by the moisture gradient within the concrete and at the same time 
cut off any cracks that tend to develop in the tension fibers of the beam. 

The author has computed the shear resistance for his beams by the formula 
for lightweight concrete suggested by Dr. Viest. The ratio, fi’/f’ts, Was 
obtained from modulus of rupture test specimens that were cured and stored 
under the same conditions as the beams. The comparisons of measured 
diagonal tension resistance to the caleulated value, V tes:/ Veate, ranged from 
1.30 to 2.30 with an average value of 1.71. These large deficiencies in the 
calculated shear strengths indicate rather conclusively that the ratio of 
modulus of rupture of lightweight concrete to that of normal weight concrete 
is not acceptable for the purpose of predicting ultimate shear resistance. 
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Title No. 55-64 


DOUGLAS McHENRY, director 
of development, Portland Cement 
Association, Skokie, Ill., retiring 
president of ACI, discusses the 
concrete industry with respect to 
other fields of scientific endeavor 
and its own history and future. 


DYNAMICS AND STATICS IN 
CONCRETE INDUSTRY PROGRESS 


By DOUGLAS McHENRY 


® A DISTINGUISHED FICTIONAL GENTLEMAN known as the Autocrat of the 
Breakfast Table once discoursed on the virtues of being conceited. ‘‘Con- 
ceit,” said he, ‘‘is to the human character as salt is to the ocean; it keeps 
it sweet and renders it endurable.”” And he might have said the same regard- 
ing the character of various collective human activities, such as our various 
industries. I think none of us would care to be associated with an industry 
which had no right or desire to be conceited about itself. 

All of you who are here today are associated with the concrete industry 
in some way; but like all men of broad interests you have followed progress 
in other fields as well. In some of those areas the rate of technical advance- 
ment has been no less than fantastic—at least, it appears so to those who 
are viewing such advancement from outside the inner circles. ‘‘What,” 
you may then ask, “have we in the concrete construction field to offer in 
comparison to justify any expression of conceit over our own accomplish- 


ments? Even if we exclude the military fields,’ you might add (and I think 
we must exclude them, for problems related to our survival must be attacked 
‘from a unique viewpoint and with a unique research budget which exclude 
- eomparison), “consider communication and transportation; medicine; and 


organic chemistry and its myriads of plastics and resins with vivid colors, 


adaptability to any shape, and strengths that we dare not even dream of for 
concrete.” zs 
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DYNAMICS 


Many of us will confess that we view these seemingly esoteric activities 
in other fields with a degree of awe which may engender a sense of inferiority. 
You might well say to an aeronautical engineer, ‘““You have accomplished 
something that to me, a concrete engineer, is beyond all comprehension; 
you have built a device which weighs 300,000 Ib, and you have not only 
gotten it off the ground but you have flown it from Los Angeles to New York 
with a good payload in 4 hr.” As a matter of fact I have had such discus- 
sions with aeronautical engineers, as doubtless many of you have, and the 
response is always about like this: “Oh, it’s not so difficult. You use the 
laws of aerodynamics and the methods of stress analysis, and you make a 
lot of wind tunnel tests, and then you build the machine and give it a test 
flight. Then you bring it back to the shop and start correcting the mistakes 
you made. ° All this, of course, may require a million man-hours of engineer- 
ing. If the machine is a really new and different type you will fly it for a few 
thousand hours before you trust it to take up passengers. But what gets 
me is how you fellows go about designing a building hundreds of feet high, 
different from any ever built before, that, on the first trial, must be absolutely 
safe against collapsing from its own weight or toppling over from wind loads 
or settling unequally on its foundations.” ; 


Industry experience 

If the conversation continues we point out that the first book on rein- 
forced concrete was published 80 years ago; so with that background it is 
quite in order that we should now be constructing concrete buildings, with- 
out resort to trial and error, 40 stories high (with 90 stories and more on the 
drafting boards), and building concrete shells spanning 720 ft, and vehicular 
bridges of prestressed concrete 24 miles long. Our modest aeronautical 
colleague will counter that the Wright brothers made a suecessful plane 
flight in 1905, and modern planes are therefore just a natural consequence of 
50 years of development. Similarly, the electronics engineer sees nothing 
remarkable in the present hi-fi and TV sets, considering that the triode vacuum 
tube with its associated circuits was invented by De Forest in 1906; in fact, 
he is apt to be a bit disgruntled because the rate of progress has been so slow. 


It has become a common belief that progress in structural engineering 
is made slowly. If we view the centuries that lie behind us, that certainly 
is true. If we view the decades immediately behind us it is, at the least, 
questionable. 


Perhaps it has become apparent by now that a part of my theme at this 
time is that the concrete engineer or builder need not take a back seat in 
any discussion devoted to science and technology (again, perhaps, excluding 
those activities devoted to survival and to exploring outer space). 


. 
i 
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r In our discussion with the hypothetical aeronauticist we mentioned a 
few concrete structures of outstanding dimensions; but we said nothing 
about the 20 or more types of cement which have been developed for special 

: uses, nor about solving a complex problem of durability by entrainment of 

air bubbles, nor of special construction techniques which have made possible 

the most massive structures ever built by man. We said nothing about the 
myriad of problems which had to be solved each time that our construction 
material was put to new use; as in concrete building units, concrete pipe, 

a concrete lining for tunnels and canals, concrete chimneys, piling, tanks, 
silos and storage elevators, light poles, insulating wall panels, thin shells, 

ze. pavements and hangars for modern aircraft, precast or prestressed structural 

~~ members, lightweight structural members, or radiation shields for nuclear 


J energy. Nor did we mention the problems solved in connection with such 
4 construction techniques as slip form, lift slab, vacuum treatment, pneumatic 
z application; nor the design problems dealing with resistance to earthquakes 
2 and atomic blasts. 


ta ACI’s contribution 

We did not even mention another aspect of our industry of which we may 
well be proud—or even conceited. I am referring to the Institute which 
has honored me for the past year with its presidency, an organization which 
for more than half a century has played a vital role in a combined professional- 
industrial capacity in bringing about the progress of which I have spoken. 
Within its 55 volumes of Proceedings are recorded the great majority of the 
' discoveries, the findings, and the scientific and constructional advances 
which are responsible for that progress. 


Economical progress 

_ Perhaps in comparing the concrete construction industry with some others 
we may indeed concede that we can set up no single accomplishment against 
a Boeing 707 nor even against a color TV set. But the over-all accomplish- 
ment in terms of improving our national welfare and of the creation of wealth 
through developing a relatively new construction material, and new con- 
struction techniques, is something for justifiable pride. But if we wish to 
be really conceited, rather than just complacently proud, perhaps we can 
resort to a subterfuge. Let us forget about progress in absolute terms, and 
think in terms of the cost of that progress as a fractional part of the dollar 
value of our product. We shall have the satisfaction of finding that, in those 
terms, the last few decades of progress in many other fields have cost 10 to | 
- 100 times what we have paid. Some might consider that a dubious claim to 
q - fame, and I shall say a little more about it later. 


” 


' In case you are wondering why I am taking some pains to give our indus- 
try a pat on the back, I shall tell you; in the first place,-the industry de- — 
serves it; and in the second place, the occasion of this address seems a good | 

time to point out that the industry might also benefit from receiving the 


- 
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front end of a shoe propelled at a good velocity and administered to that 
portion of the anatomy on which it spends entirely too much of its time 
reposing. 

STATICS 


It is a rather well known fact of life that in this ever changing world, progress 
is always about proportional to challenge. The rate of progress in our field 
has never been equaled in the past, but, even so, are we keeping up with the 
challenge? The answer must be something less than a positive yes. 

A few years ago construction took away from agriculture the position 
of top industry in this country. In 1959 it will be a $50 billion industry. 
How many of these construction dollars are being reinvested in the industry 
to improve its products? The answer is, a small fraction of 1 percent; where- 
as other industries with technologies no less complex than ours find that to 
meet the challenge of today requires ‘‘plow-back” budgets—some call it 
research and development—of 3 to 5 percent, or even 10 percent, of gross 
sales. 


Research needed 

Just 20 years ago a strong and effective plea was published in the ACI 
JouRNAL to “shorten the lag between research and practice,’ on the basis 
that the time lag was too great between the discoveries and the findings of 
research in engineering and their acceptance and application by engineering 
practitioners. In the field of concrete construction, perhaps more than in 
any other field of engineering, we are on the verge of a reversal of that situa- 
tion. Research is not occupying its time-honored place well ahead of prac- 
tice, and in some areas it is definitely lagging behind. Examples might be 
cited by the dozen, but that can be done by each of you in his own field, 
and need not be recorded here. The fault cannot be ascribed to the research 
workers, and it is difficult even to say that the industry is at fault, for the 
industry is composed of many segments which encounter difficulty in get- 
ting together. We are confronted, rather, by an unsolved problem in meth- 
odology. ACI has been working on the problem, though not intensively, 
for years; the Reinforced Concrete Research Council has made some prog- 
ress; the American Society of Civil Engineers has recently become acutely 
aware of it. The answer will come either from government (which is also 
working on it) or from industry. If from the latter, it will be through the 
leaders of our industry developing a greater awareness of the problem and 


then pooling their administrative, intellectual, and financial resources to 
solve it. 


Technical partnership 


Another area in which we are lax and in which, again, it is difficult to place 
the fault, is in the matter of collaboration between the architect, the struc- 
tural engineer, and the contractor. In Europe the same organization fre- 
quently serves in all three capacities, but rarely so here. The need for inti- 
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pavements; 17 states construct only the nonreinforced type, 13 construct 
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mate collaboration is greater for concrete than for any other construction 
material. In the words of Mario Salvadori, referring to concrete structures, 


“Some of the most astounding results in modern architecture have been 


obtained by simply having the creativity of the engineer and the contractor, 
which is of a technological character, help the creativity of the architect, 
which is of an artistic character.’ In addition to the benefits of this sort of 
partnership in achieving the finest in architecture, it is certain that our billions 
of construction dollars would go further if the architect had at his disposal 
the contractor’s intimate knowledge of cost, of construction equipment, 
erection methods, union regulations, and similar factors. I have repeatedly 


heard designers complain because a contractor bids a job successfully, and 


then proposes that the design be changed to fit existing equipment or methods. 
And the contractors complain because the design was made with no regard 
to their problems. But the owners are the ones who have the real complaint, 
because construction costs more than it should. The solution of that prob- 
lem does not appear to be near-at-hand, but it must come. The USSR has 
made progress, but in ways which we would not find acceptable. 


A look at the product 

Closely related to the matter just discussed is a statement by architect 
Minoru Yamasaki which is well worth repeating: ““My major indictment of 
the concrete industry is that it persists in thinking of its product as a crude 
material. No building should be built crudely; all good architecture through- 
out history has been fine and elegant. This can and should be attained with 
concrete, and with precast concrete both elegance and economy are possible.”’ 
That statement needs no elaboration by me. It is an important pronounce- 
ment, and I trust it will be heeded. 

On the subject of ‘“what’s wrong,” one cannot possibly avoid mentioning 
the habitual use of outmoded specifications for concrete construction, carry- 
overs from bygone days; but so much has been said on that subject that little 
remains. Sometimes the fault lies in a lack of authoritative information, 
which reverts to my first point, the need for more research; but more often, 
perhaps, it lies in a lack of initiative on the part of the specification writers 


which might be remedied by early collaboration with the contractors who, 


whatever their faults may be, cannot be accused of lack of initiative and im- 
agination. And that reverts to my second point, lack of collaboration be- 


- tween architect, engineer, and contractor. 


Uniform nonuniformity 
Let me cite just one more item. We are now engaged in a $40 billion pro- 


gram of constructing an interstate and defense highway system. ‘There is 
~ no reason to expect that a single set of design criteria for concrete highways 


should apply throughout the country, and such is certainly not the case. 
A recent survey by a government agency is interesting in’ that respect. The 
the survey notes that 5 of our states do not construct concrete 
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only the reinforced type, and 14 construct both types. The distribution by 
types has little or no relationship to foundation or climatic conditions. Ex- 
pansion joints in reinforced pavements, required in 10 states, are uniformly 


spaced at intervals ranging from 30 to 615 ft, with no two states using the 


same spacing. Expansion joints in nonreinforced pavements are required 
in 2 states, with spacings of 600 and 1200 ft. The spacing of contraction 
joints in reinforced pavements range from 15 to 106 ft, with only a few states 
using the same spacing. Contraction joint spacing in nonreinforced pave- 
ments ranges from 15 to 80 ft with most states using 15 or 20 ft. Reasons 
given by some states for their practices were found to be in direct conflict 
with reasons given by other states. The survey led to the conclusion, rather 
modestly stated, that “additional experimentation would seem desirable.” 
Perhaps I have been fortunate enough to mention some shortcoming with- 

in our industry about which the Institute will concern itself in the future. 
It is traditionally the task of the incoming president to take on his shoulders 
the burden of all problems left unsolved by the outgoing president. In recog- 
nition of that I wish to repeat at this time a small ceremony originated by 
one of my predecessors, and to hand to Prof. Phil M. Ferguson this token 
of his office, the eight ball. 

Presented at the 55th annual convention, Los Angeles, Calif., Feb, 25, 1959. Title No. 55-64 is a part of 
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Russian Progress in 
Concrete Technology - 


JAMES D. PIPER and WALTER H. PRICE 


at 4 


- In May 1958 the authors inspected concrete construction in Moscow and Lenin- 
grad where they visited laboratories, design offices, precasting plants, housing 
developments, and bridge and plant construction. They report that precast con- 
crete is being used almost exclusively for building construction in these cities, 
where 86,000 apartments, mostly in five-story buildings, are planned for 1959. 
Prestressed concrete is used wherever possible in the Soviet Union and the Russians 
are engaged in large-scale research and development of concrete materials and 


construction. 
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= In THE SUMMER OF 1957, five Russian engineers were invited to 
4 attend the World Conference on Prestressed Concrete in San Francisco. 
q __ These engineers in turn asked Prof. T. Y. Lin, one of the directors of the con- 
q ference, to select a delegation of six American engineers to visit Russia as 
guests of the Soviet Academy of Construction and Architecture. The group 
was to have the opportunity to study Russian advances in concrete technolog 
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American delegation 

In addition to the authors, the American delegation included: Prof. T. Y. 
Lin, University of California, Berkeley, chairman of the delegation; Prof. 
Boris Bresler, University of California, Berkeley; David P. Billington, Roberts 
and Schaefer Co., New York; and Ben C. Gerwick, Jr., of Ben C. Gerwick, 
Inec., San Francisco. The tour followed the Third International Congress 
on Prestressed Concrete, May 5-10, 1958, in Berlin, and was limited to the 
areas around Moscow and Leningrad. 


A full schedule was arranged by the Academy. During 10 days in Russia, 
the delegation visited two research laboratories, five prestressing plants, 
five construction sites, and two design offices, and held meetings at the Acad- 
emy of Construction and Architecture, at Moscow University, and at the 
office of the State Committee on Construction. We also presented papers 
on United States concrete practices to large groups in Moscow and Lenin- 
grad. Evenings were occupied by visits to the opera, ballet, Cinerama, 
circus, a football game, and by two banquets given in our honor. 


Russian engineers 


The engineers we met in Russia were capable and well informed. They 
were completely familiar with the latest developments in concrete technology 
in the United States. Many could speak English, and we were provided 
with an engineer-interpreter who was with us during every inspection trip. 
There were no restrictions on picture taking and we were furnished litera- 
ture on many of the projects visited. Our hosts seemed anxious to show us 
every phase of concrete operations in the Moscow and Leningrad areas. 


As vice-president for promotion of the Portland Cement Association, JAMES 
D. PIPER supervises all promotion activities of that organization, including the 
work of its regional and district offices serving 46 states, the District of Columbia, 
and British Columbia. An ACI member, Mr. Piper is a registered engineer and 
licensed architect. He served PCA in various engineering posts throughout the 
United States before assuming his present duties in Chicago in 1955. 


WALTER H. PRICE, past president of the American Concrete Institute, heads 
the engineering laboratories of the U. S. Bureau of Reclamation at Denver. His 
work there includes materials testing and research problems related to the con- 
struction of large concrete dams and irrigation works. Long active in ACI 
committee work, and author of several JOURNAL papers, Mr. Price received 
the Institute's Wason Medal in 1951 for his paper “Factors Influencing 
Concrete Strength.” 
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Fig. 1—Precast thin corru- 
gated arch under test at 
Moscow laboratory 


Other members of the delegation have published their views of the Russian 
trip (list at end of paper) and the delegation has prepared a combined report 
from which much of the information here presented has been taken. 


yer Ne a 


_ Precast, prestressed construction increased 

Since the end of World War II, there has been a rapid increase in the use 
of precast and/or prestressed concrete in Russia; in 1958 the construction 
program included 64,000 apartments in Moscow and 22,000 in Leningrad, 
plus many schools, hospitals, and office buildings, all of precast concrete. 
There are several reasons why precast concrete is favored in Russia. For 
one thing, large numbers of similar apartments can be built and their con- 
struction coordinated with production in the factory. Second, precasting 
methods are suited to the cold climate, permitting construction to progress 
through the winter months; and third, precast concrete saves steel. We 
were told that structural steel design units in Moscow have been abolished 
and concrete is to be used exclusively from now on for building construction. 


FS NT NS PT em PRS A 


RESEARCH 


Although many of the apartment houses being constructed are similar, 
their design and construction are not completely standardized, and constant 
efforts are being made to improve materials, manufacturing processes, and 
construction procedures. We saw some of this development work in the 
large laboratories in Moscow, where 600 engineers and scientists are working 
three shifts a day on problems in the building field. 


Full-size members tested 

The Russians apparently prefer to test full-sized machines and structural 
members, and these laboratories are well equipped for testing large scale — 
members. Tests were underway on full-size precasting and prestressing © 
equipment and on large beams, slabs, arches, and trusses (Fig. 1). Strains 
in a truss 98 ft long were being measured while post-tensioning was being 


o 


1078 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE April 1959 


6 applied; this to be followed by tests 

oes under external loads. A composite 

aT. ol member consisting of small T-shaped 
20 wires precast, prestressed beams cast in con- 

°0|" crete to form a large beam was under 


test (Fig. 2). The small T-shaped 
beams were made of high strength con- 
crete (about 7000 psi) and were highly 
prestressed. The concrete around the 
concrete T-beams was weaker, about 4000 psi. 
SSeS ae "290" It was claimed that excellent bond oc- 
Tensioned curred between the two concretes and 

Zone that this composite resulted in a saving 


9'-g" 


2% 2 ahha of steel with better utilization of the 
/ concr a rk oe 
= ‘- "BQO" tensile strength of the concrete. 


Crane rail beams with the rail con- 
nected to and figured as part of the 
beam; precast thin shell units of many 
types; precast, prestressed rail sup- 
port to substitute for ties; and pre- 
stressed pipes were also being tested. 
Fig. 2—Cross section of composite beam 

under test at Moscow laboratory. T-sec- Expanding cement studied 


tions are highly prestressed The laboratory of the Research In- 
stitute of Concrete and Reinforced 
Concrete is doing some interesting work on an expanding cement for self- 
stressed concrete units. The cement expands after the concrete has hardened 
and developed bond placing the reinforcement in tension. The magnitude of 
expansion is affected by the composition of the cement, fineness of grinding, 
water-cement ratio, and method of curing. We saw 6 in. diameter pipe 
about 10 ft long being cast with expanding cement in the laboratory. As 
yet there has been no wide use of expanding cement in the USSR. 


Other tests; materials studied in relation to durability 

In addition, tests were underway on architectural concrete surfaces (Fig. 
3), foam and lightweight concretes, silicones for surface protection, refractory 
concrete, and methods of improving the durability of concrete. The Rus- 


slans apparently are completely familiar with retarders, air-entraining agents, 
accelerators, and pozzolans. 


The Russians have found that where pozzolans are used to replace a por- 
tion of the cement, the resistance of the concrete to freezing and thawing is 


reduced. The use of pozzolans is therefore restricted to the interior of dams 
and to unexposed concrete. 


Where heat is not available, concrete has been placed in Russia at tem- 
peratures as low as 0 F by adding 1814 percent calcium chloride and 4% 


~ 


: 
/ 
i 
| 
. 


ay 


4 . 
i. 


5 
J RUSSIAN PROGRESS IN CONCRETE TECHNOLOGY 1079 
Fig. 3—Architectural surface for external 
precast slab seen in Moscow laboratory 


- _ percent sodium chloride, by weight of the water, to the mix. Such concrete 
has poor workability and low durability, and is used only where the con- 
crete will be continuously submerged or continuously dry. 


The advantages of entrained air in improving durability of the concrete is 
recognized, but there is some disagreement among the Russian engineers 
as to whether the length of winter protection can be reduced for air-entrained 
concrete as permitted under ACI 604-56. 


Cement 
About 33 million tons of cement were produced in Russia in 1958 under a 
single specification which includes portland-pozzolan and portland-slag ce- 
ments. Specifications do not distinguish as to type and composition, and the 
cement is graded according to performance in physical tests. There are six 
grades of cement—200, 250, 300, 400, 500, and 600—which complicates 
cement storage and use. Grade 200 indicates that cubes made with that 
cement must have 200 kg per sq cm strength at 28 days, with similar meaning 
for the other grade numbers. The cubes are made with very dry mortar 
having a water-cement ratio of about 0.30 by weight. 


PRECASTING PLANTS 


The five precasting plants we visited—two in Moscow and three in Lenin- 
grad—were similar in over-all operation, but varied greatly in detailed meth- 
ods and equipment. Generally, the aggregate arrives by railroad car or 
barge and is elevated from storage piles by enclosed conveyor belts to hoppers 
over the batching plant. The cement arrives by rail and is stored in silos : 

at the plant. The plants are equipped with push button weighing controls. 
___ Tilting mixers of about 1.5 cu yd capacity are used. The concrete is con- 
= veyed by belt from the mixer to hoppers which travel on rails over the forms 
for casting the units. Methods of vibrating the concrete vary between plants, 
but generally compaction is obtained by vigorously vibrating the entire 
__unit or table to which the form is attached. ¢ 
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Fig. 4—Hollow core floor slabs in storage 
yard at Plant No. 6, Moscow 


Natural sand and gravel graded up to about %4-in. size was used in all 
plants. A uniform no-slump concrete was produced, containing about 670 
lb of cement per cu yd, with a water-cement ratio of about 0.34 by weight. 
A strength of 2840 psi, as measured on 4-in. cubes, was required before the 
units could be shipped from the plant. Each plant had a small laboratory 
for control testing. One plant had facilities for testing full-size floor slabs 
and for developing casting equipment. 


Prestressing practices 


Hollow floor and wall slabs (Fig. 4) were the main products of the plants 
we visited. Prestressing of the floor slabs was accomplished by stretching a 
continuous high strength strand of wire around pegs set in the base of the 
slab form. The completed floor slabs were about 21 ft long, 9 in. thick and 
4 or 6.5 ft wide with either circular or oval cores. Generally the circular holes 
were 6 in. in diameter at about 8-in. centers extended through the length of 
the slabs. Two main types of machines were used for this continuous pre- 
stressing: one, a turntable with a stationary feeder head (Fig. 5), and the 
other, a movable head with a stationary form. Each plant had facilities for 
fabricating welded wire mesh and for reinforcing units that were not pre- 
stressed. 


Curing practices 


The units were steam cured immediately after casting. One plant steam 
cured its products at 203 F, requiring 1 hr to raise the temperature and 
1 hr to lower the temperature, with not less than 6 hr at 203 F. Other plants 
steam cured their products at 176 F with 3 hr for raising the temperature, 3 
hr for cooling, and 10 hr at 173 F. There were many differences in the de- 
tailed methods and procedures used in the plants visited. We were told 
that the plant director was given a quota and certain standards to meet and 
that within these broad limits, he could operate the plant as he saw fit. 
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Equipment and quality of production 

The plants were well equipped with tracks and cars for moving the prod- 
ucts, hoists and traveling overhead cranes, vibrating tables, automatic pre- 
stressing machines, automatic welding machines for fabricating wire mesh, 
steam curing facilities, and storage yards. One of the batching and mixing 
plants we saw had a tile floor. It was completely automatic with dust collectors 
over the mixers and an electric moisture meter in the sand bins. 


In general, the finished product was rough and the edges not true. In 
many slabs, cracks resulting from the casting operations extended to the 
steel. However, these products pass the strength requirements and after 
being covered by plaster or brick facing, they apparently perform as intended. 


Plant and industry capacity 

The plants operate on a three-shift basis and employ from 400 to 600 men. 
Production varies from about 100,000 cu yd to 150,000 cu yd per year. We 
were told that there were 25 precasting plants in Moscow with a combined 


output of 2,600,000 cu yd per year. 


In 1957, the production of prestressed concrete in the USSR was given as 
1,600,000 cu yd; total precast products with and without prestressing as 
12,000,000 cu yd. By 1960 the annual production of prestressed concrete is 
set for 9,000,000 cu yd. and, for precast products 33,000,000 cu yd, indicating 
a rapid growth planned for this type of construction. 


DESIGN 


We visited two large design offices, one in Moscow and the other in Lenin- 
grad. The Moscow Design Institute designs and supervises all building 
construction in Moscow. It employs 3100 engineers, architects, and techni- 
cians, over half of whom are women. All design and construction are planned 
and scheduled 2 years ahead. Routine designs are simplified by standardiza- 
tion. -Catalogs are prepared listing available precast and prestressed con- 
erete units used in standard construction. We were given a catalog that 
covered nine types of precast concrete foundation units and a similar num- 
ber of beams, columns, floor slabs, stairways, and roof units. These catalogs 
are constantly under revision to include improvements. 


Fig. 5—Diagram of turntable type pre- 
pcg stressing machine 
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Fig. 6—Shell 131x131 ft 
containing 135 pieces was 
assembled on ground before 
being raised into position as 
roof of precasting plant 


Occasionally the Moscow Design Institute designs special buildings. We 
were shown plans for a permanent building exposition in Moscow which 
will have an unobstructed roof span of 200 ft. The roof will be made of cor- 
rugated precast thin shells with a structural depth of 8 ft. The sections are 
to be precast in lengths of about 15 ft. and assembled on the job site. 

Design Institute No. 1, in Leningrad, differs from the Moscow Design In- 
stitute in that it specializes in large civil engineering and industrial projects 
such as dams, hydroelectric plants, docks, hangars, and industrial buildings. 
Only about 10 percent of its work is for the city of Leningrad; the rest is for 
projects all over Russia as well as in China, Czechoslovakia, Poland, and 
Hungary. This institute employs 650 engineers and technicians and is at 
present doing design work for about $335 million of construction. Much 
of this work must be individually designed; however, an effort is made to 
standardize construction wherever possible. For example, work is underway 
toward standardization of precast units for construction of factory and in- 
dustrial buildings and prestressed concrete transmission towers. 

We were shown an unusual design for a stadium roof 500 x 820 ft, supported 
only on columns around its perimeter. This roof will be 6.3 in. thick and 
will be constructed of post-tensioned precast units. 

We found that the Russians are using precast slabs in river bank protec- 
tion and precast reinforced concrete forms in the construction of dams and 
other hydraulic works. Typical form panels are 66 ft long, 13 ft high, and 
4 in. thick. The panel acts both as a form and as a facing after the structure 
has been completed. Large quantities of precast forms were used in the 
construction of Kuibyshev Hydroelectric Station on the Volga River. 


CONSTRUCTION 


The enlargement of precasting plants was the only industrial building 
construction we saw while in Russia. Apparently because of the crowded 
conditions in Moscow and Leningrad, industry is not being expanded in 
these cities. In Leningrad, at the Avtovo concrete factory which is being 
enlarged, we saw three large experimental buildings under construction. The 
roof of the first was composed of two shells, 131 ft square, made up of 135 
precast elements and supported only at the corners. The roof of the second 
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Fig. 7—Post-tensioned crane girder sup- 
ported on precast lattice columns 


was a huge 330-ft span thin shell arch composed of eight parallel units each 


_ 25 ft wide, separated by 8 ft wide skylights. The third was a large mill- 


type building made from built-up columns and trusses and composed en- 
tirely of precast elements. i 

The 135 pieces of 16 different shapes for the domes were assembled over 
scaffolding on the ground by welding, grouting, and post-tensioning, (Fig. 


6). The four sides of the dome were supported by concrete trusses made up 


of a series of triangles with the top chord formed by the thickened edge of 
the shell. The assembled shell, weighing 560 tons, was lifted 66 ft by special 


jacks to a position slightly above its final height. Permanent columns, made 


At 


slender precast, post-tensioned trusses 98 ft long, 
4 _-assembled on the job ( 


up of precast hollow units each about 2 ft square by 3 ft high, were then 
erected under each corner of the shell and the shell lowered onto them. 


The 330-ft arch shown on p. 1075 was made up of 13 precast elements bolted 
together on the ground as shown. The shell was 25 ft wide with a rise of 35 ft. 
It was approximately 614 in. thick and weighed about 400 tons. The thrust 
of the arch was taken by cables encased in the corrugated precast elements 
shown in the picture (bottom). At the time of our visit no arch of this type . 
had been lifted into its place in the roof. 

The large mill-type building about 400 ft long by 100 ft wide rested on 
+ concrete spread footings. The columns were made of precast 
ure (Fig. 7). The roof.was supported by 
composed of five sections 
Fig. 8). Post-tensioning wires ran through the bottom 


precas 
elements forming a lattice struct 


- bedroom floors were covered with wood blocks about % in. thick and 6 in. 
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Fig. 8—Thin precast post- 

tensioned trusses used to sup- 

port roof slab of mill-type 
building in Leningrad 


. 
: 


chord. The trusses and columns were spaced at 20-ft centers. The crane 
girder was also a precast, post-tensioned truss supported on the columns 
about 30 ft above the floor (Fig. 7). The roof, walls, columns, footings, 
braces, and trusses of this building were all made of precast concrete. It is 
planned to use this building for the exclusive production of foam concrete. 


Apartment houses 


The apartment houses we saw under construction in Moscow and Lenin- 
grad were built almost entirely of precast and prestressed concrete elements. 
They were, in general, 5 stories high and were being built in blocks containing 
from 600 to 1000 apartment units. In addition to the apartment houses, 
a block included a central heating plant, a community store, a community 
meeting house, a kindergarten, and a nursery. 


Each house contained from 60 to 80 apartments. A typical apartment 
had about 500 sq ft of space, and included two small bedrooms, a living room, 
bath, and kitchen. The plumbing fixtures were modern in appearance. The 
walls of the apartments were plastered and painted in pastel colors. The 


square, while linoleum was used in the kitchen and bathroom, and in some 


cases the living room. The areas around the apartments were landscaped 
with shrubs, grass, and trees. 
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Fig. 9—Moscow apartment 

house construction. Walls and 

partitions serve as supporting 

members. Note hollow core 
wall slabs 


- with brick veneer cast on ex- 
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Fig. 10—Completed apart- 
ments in Leningrad, faced 


ternal slabs at factory 


Two types of apartment houses have recently been constructed in Moscow 
and Leningrad: one, eight stories high using columns and beams as the sup- 
porting elements; the other, five stories high with walls and floor slabs as the 
supporting elements (Fig. 9). We saw only the latter type under construc- 
tion. Hammerhead cranes with booms which could span the width of the 
building, and in some instances, gantry cranes which spanned the building, 
were used to move the precast pieces from delivery trucks to their position 
in the building. 

The exterior walls, including the windows and doors of these apartments, 
were cast in panels about 12 in. thick and 10 ft square. The floors were made 
of hollow precast prestressed panels about 21 ft long, 4 or 6.5 {t wide, and 9 
in. thick. Some of the nonbearing walls were made of slag cement concrete 
or gypsum. Metal pipes for heating were included in the partitions near 
the external walls. The horizontal mortar joints between the bearing walls 
were reinforced with a number of 14-in. bars. The walls were fastened at the 
corners by welding protruding embedded metal together at three equally 
‘spaced points. Very little lateral bracing is provided, because Moscow and 
Leningrad are in nonseismic regions. Some of the apartment houses were 
faced with a 1-in. veneer of brick or tile cast on the slab at the factory (Fig. 
10). The individual finished buildings had a neat appearance both inside and 
out, but the over-all impression in these huge housing developments was one 
of drabness. 

Every effort was apparently being made to save steel. We noted glass 
tubing used as conduits for the electrical wiring, and in one development 
radiators of concrete were installed under the windows (Fig. 11). 


Bridge in precast and prestressed concrete 

We visited the site of a large bridge being built across the Moscow River to 
connect the university and the adjacent large new residential area with the 
main part of the city. The bridge will carry eight lanes of highway traffic on _ 
its upper level and two lanes of subway traffic on the lower level. A subway 
station will be located on the bridge. Including the approaches it will be 


: 4000 ft long. The main span is built on a 37-deg skew and consists of an 
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Fig. 11—Concrete radiator in new Mos- 
cow apartment 


arch about 350 ft long flanked by two smaller arches approximately 150 ft 
long. The four parallel chords of the arch are made up of precast pieces 
connected by welding the projecting reinforcement and packing the space 
between with concrete. The thrust of the arch is taken by horizontal chords 
assembled from precast units and post-tensioned at the site. Half of the 
main span was being assembled on the bank of the river at the time of our 
visit. This assembly was moved sideways onto pontoons and floated into 


place over the supporting piers, where it was to be lowered into its final posi-- 


tion (Fig. 12). Each assembly weighed over 5000 metric tons. 

The approach spans were supported by precast post-tensioned trough- 
shaped beams about 72 ft long, 5 ft wide, and 4 ft deep, weighing 37 tons 
each. The girders supporting the columns were composed of two L-shaped 
sections tied to one another and to the top of the columns by concrete placed 
in a space provided for this purpose between sections. The columns were 
precast piles 16 in. square and from 30 to 70 ft long, driven to a design load 
capacity of 90 tons. The precast deck slabs were placed transversely and 
joined to the beams so that they acted compositely with them. The precast 
units used in the bridge were of much better quality than those used in hous- 
ing construction. They appeared to be made of richer concrete, were true 
to line and dimension, and were free of patches and honeycomb. 

Erection of all precast members in the bridge was being accomplished 
with huge gantry cranes running on tracks and spanning the entire construction. 
The crane spanning the work of the main arches probably had a span of 150 
ft and a capacity of 50 tons. High towers with flood lights were in evidence 
indicating that this job was proceeding on a three-shift, 6-day week. This was 
the case in all the laboratories, factories, and construction we visited. 

The construction of this bridge and the factories we saw being built in 
Leningrad indicate that the Russians are willing to experiment with new 
methods on a comparatively large scale. After a novel design has been worked 
out, it is then used in many places throughout the country. 


SS 
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CONCLUSION 


The USSR is exerting great energy toward expansion of its cement and 
concrete industry. At present, Soviet cement production is about 60 percent 
that of the United States; the amount of concrete they produce is probably 


4 less than half that of the United States. This is due possibly to the poorer 
c quality of some of their cement and to the richer mixes required by the colder 
S climate. Their expansion of cement production is progressing at a faster 
4 rate than ours and it is claimed that they will meet our production capacity 
in not too many years. 

& The Soviet engineers were very much interested in our work in the United 
- - States and arranged for a series of lectures to be given by our delegation both 
, in Moscow and Leningrad. These meetings were attended by an overflow 
“4 crowd in each city, and many questions were asked following the lectures. 
‘ On the last day of our visit, we met with V. A. Kutsherenko, deputy chair- 
; man of the Soviet Council of Ministers and chairman of the State Com- 
a ~ mittee on Construction, which is in charge of all construction in the Soviet 


Union. He opened the meeting by saying that he did not want to hear our 
compliments but rather our criticisms. He informed us that he expected the 
quality of the precast products and the construction on the job to improve 
now that they had developed trained men in this rapidly expanding industry. 
He informed us of their plans to greatly increase the use of precast and pre- 
stressed concrete during the next 7 years. He said that an entire institute 
which had been designing steel structures had recently been ordered to design 
only concrete structures from now on. 
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Our time while in Russia was completely scheduled from morning to mid- 
night each day. In addition to the engineering projects, we were conducted 
on tours through the Kremlin, the 40,000-room University of Moscow, the 
famous museums of Leningrad, the grounds of the winter palace of the czars 
in Leningrad, and on an excursion into the country near Leningrad. The 
evenings were occupied with opera, ballet, circus, and banquets. Our trip 
ended where it began, at the Moscow airport, after 10 interesting days of 


activity. 


ADDITIONAL INFORMATION 


Published articles by members of the American delegation describing the Russian tour 
include: 


1. Billington, David P., “An American Engineer Views Precast and Prestressed Concrete in 
the Soviet Union,” Civil Engineering, V. 28, No. 10, Oct. 1958, pp. 734-739. 
2. Gerwick, Ben C., Jr., and Lin, T. Y., “Prestressed Concrete in Russia,’’ Journal, Pre- 
stressed Concrete Institute, Dec. 1958. 
3. Lin, T. Y., “Russian Prestressing Methods Unique,’ Concrete Products. V. 61, No. 10, 
Oct. 1958, pp. 28-34. 
4. Piper, James D., “U. S. Engineer Views Soviet Construction,” American Engineer, 
Sept. 1958. 
Presented at the ACI 11th regional meeting, Detroit, Mich., Oct. 27, 1958. Title No. 55-65 is a part of copy- 
righted Journal of the American Coneciia ieaitite: V. 30, No. 10, Apr. 1959 (Proceedings V. 55). Separate 
prints are available at 50 cents each. 


American Concrete Institute, P. O. Box 4754, Redford Station, Detroit 19, Mich. 


Discussion of this paper should reach ACI headquarters in triplicate by 
July 1, 1959, for publication in the Part 2, December 1959 JourNAL. 
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Title No. 55-66 


Shear Strength of Two-Span Continuous 


Reinforced Concrete Beams 


By 
JOSE J. RODRIGUEZ, ALBERT C. BIANCHINI, 
IVAN M. VIEST, and CLYDE E. KESLER 


FIFTY-TWO CONTINUOUS reinforced concrete beams were tested under concentrated loads and 
the results analyzed in an effort to determine the following: (1) effect of continuity on the shear 
strength of statically indeterminate members, (2) contribution of web reinforcement to shear strength, 
and (3) to establish the minimum amount of web reinforcement required to prevent shear failures. 
The following variables were included: type of loading, length of negative moment longitudinal 
reinforcement, percentage of web reinforcement, and grade of longitudinal reinforcement. 


Fifteen beams were designed with no web reinforcement, 13 beams had the amount of web re- 
inforcement required by the 1951 ACI Code, and 24 beams were designed with more web reinforce- 
ment than required by the ACI Code. 

An analysis of the test results indicated good agreement with the calculated values for the loads at 
diagonal tension cracking, shear compression failure, and flexural failure, as computed with the aid 
of existing mathematical expressions developed from tests of simple and restrained beams. When 
the amount of web reinforcement was determined by equating the formulas for maximum flexural 
and maximum shear loads, it was found to be more than was necessary. 


CuRRENT DESIGN METHODS for proportioning reinforced con- 
erete members to resist shear stresses take into account the external shear 
forces, cross-sectional dimensions, concrete strength, and the amount of web 
reinforcement. However, over 50 years ago Talbot’ demonstrated that the 
shear behavior of concrete members is affected also by the ratio of span 
length to effective depth of the member, and by the percentage of longitudinal 
reinforcement. More recent investigations** have shown that these factors 
neglected in shear design have a major effect on shear behavior of reinforced 


concrete members. 

Most shear tests have been made on simple beams or on simply supported 
beams with overhangs. Application of the results of such tests to the design | 
of continuous members involves the assumption that continuity has no 
effect on shear strength. Because the majority of beams are continuous in 


actual structures, it was considered necessary to determine to what. extent 


this assumption is correct, or whether there are factors in continuity that have 
an effect on the shear behavior of statically indeterminate members. , 
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JOSE J. RODRIGUEZ, instructor in the Department of Theoretical and Applied Mechanics, Uni- 
versity of Illinois, Urbana, has been active in his department's intensive study of the shear behavior 
of reinforced concrete beams. He received his MS at Illinois in 1958, and is a member of ACI, 
ASCE, and Sigma Xi. e ALBERT C. BIANCHINI, assistant professor in the same depart- 
ment, has participated in a number of concrete research studies dealing with welded wire fabric, 
shear strength, cracking, and the effect of slab concrete strength on column strength. Professor 
Bianchini, who received his MS in 1952, is a member of the American Concrete Institute and Sigma 
Xi. e ACI member IVAN M. VIEST is bridge research engineer, AASHO Road Test, Ottawa, 
lll. While at the University of Illinois he conceived the project on which this paper is based, ob- 
tained sponsorship, and directed initial phases of the study. Dr. Viest is currently chairman of 
ACI-ASCE Committee 333, Design and Construction of Composite Structures, and a member of 
ACI-ASCE Committee 326, Shear and Diagonal Tension. A recipient of the Institute’s Wason 
medal in 1955, he also received the ASCE Research Award in 1958. e CLYDE E. KESLER, 
professor of theoretical and applied mechanics, University of Illinois, has published numerous 
papers describing research in shear, fatigue, creep, and sonic behavior of concrete. In 1958 he 
was corecipient of the ASTM Sanford E. Thompson Award for a paper on creep. Professor Kesler's 
most recent ACI JOURNAL contributions were two papers in the fatigue symposium published last 
August. An ACI member since 1947, he serves on the Technical Activities Committee and several 
technical committees including: 209, Volume Change and Plastic Flow; and 215, Fatigue of Con- 
crete. 


Object and scope 

The primary object of this investigation was to determine the effect of con- 
tinuity on the shear strength of statically indeterminate beams. ‘Two-span’ 
continuous beams were selected for their relative simplicity. The following 
variables are included: cutoff or extended longitudinal steel (see definitions), 
percentage and spacing of web reinforcement, type of loading, and grade 
of longitudinal reinforcement. 

The first part of the investigation, which includes a total of 28 beams 
in Series N and Series A, was conducted in 1954-1955. It was concerned 
with the shear strength of reinforced concrete beams with and without web 
reinforcement. Beams with web reinforcement were designed in accordance 
with the 1951 “Building Code Requirements for Reinforced Concrete (ACI 
318-51).”® The second part, which includes 24 beams in Series H and I was 
conducted in 1956-1957; it was concerned with establishing the minimum 
amount of web reinforcement required to prevent shear failure. 


All specimens were provided in the end shear spans (Shear Span 1) with 
an amount of web reinforcement much larger than that required by ACI 
318-51, to eliminate any possibility of shear failure in the span (Fig. 1). 


After completion of the above investigation four additional beams, with 
an increase in cover thickness, were tested to observe whether increased 
cover thickness would prevent a splitting type of failure which occurred in 
a number of beams in the main investigation. Results obtained are sum- 
marized in the Appendix (p. 1128). 
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Fig. 1—Details of beams 


Outline of tests 

The investigation included tests of 52 two-span continuous reinforced 
concrete beams. Three different types of loading were used as shown in 
Table 1 and in Fig. 1. Table 1 also includes the amount of web reinforcement 
each beam had in Shear Spans 2 and 3, the type of negative moment longi- 
tudinal reinforcement, and the grade of longitudinal reinforcement. 


Series N beams had no web reinforcement in either Shear Spans 2 or 3. 
Beams in Series A had the amount of web reinforcement in Shear Spans 
2 and 3 in accordance with the requirements of ACI 318-51. In both series” 
the longitudinal steel was of intermediate grade. 
beams, all failures in Series N and Series A resulted from 


Except for two 
An extrapolation of the test data for these series was used 


excessive shear. 
to estimate the minimum percentage of web reinforcement needed to insure 


flexural failures in beams with{intermediate grade Jongitudinal steel. This 
4 : --web reinforcement was used in beams of Series H; a higher yield point (hard 
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grade) was selected for the longitudinal steel of Series H to insure shear failure 


‘even with the higher percentage of web reinforcement. 


Beams in Series I were designed to fail in flexure. Longitudinal reinforce- 
ment was of intermediate grade, and the web reinforcement was chosen by 
interpolation between the results of Series A and Series H. 

In all four series, approximately half of the beams were designed with the 
top longitudinal reinforcement cut off in accordance with ACI 318-51. The 
remaining beams had the top longitudinal steel extended past the point of 
theoretical maximum positive moment as indicated in Fig. 1. The purpose 
was to study the effect of this variable in the behavior of beams. 


Definitions 


Cutoff steel is the negative moment reinforcement cut off according to the minimum re- 
quirements of ACI 318-51. These requirements were not changed in the 1956 edition of 
the Code. 

Extended steel is the negative moment reinforcement extended beyond the permissible 
cutoff points as shown in Fig. 1. 

Shear span is the distance between a support and the adjacent load point or between two 
adjacent load points. Shear Span 1 is the portion of the beam between the exterior support 
and the nearest load, Shear Span 2 is the portion between two adjacent loads on the same 
side of the center support, and Shear Span 3 is the portion between the center support and 
the nearest load. , 

Critical section is a vertical section through the edge of a load or support bearing block 
inside a shear span. 

Diagonal tension crack is an inclined crack extending from the tension steel to the critical 
section. 

Diagonal tension cracking load is that load at which the diagonal crack has extended suf- 
ficiently into the beam to cause an appreciable redistribution of internal stresses. 

Diagonal tension failure occurs simultaneously with the formation of a major diagonal 
tension crack, regardless of whether other diagonal tension cracks had previously formed 
in the beam or not, 

Shear compression failure occurs by crushing of the concrete in compression at the compression 
end of an existing diagonal tension crack. 

Splitting bond failure is a combination of splitting along the steel caused by dowel action 
of the reinforcement and of bond failure caused by high longitudinal stresses in the steel. 

Flexural failure occurs by crushing of concrete in the compression zone in the region of 
maximum positive or negative moment after both the bottom reinforcement in the span 
and the top reinforcement over the support have yielded. 


Notations 

Distances 

a = M/V; effective length of the shear a, = (M/V).; distance from the section 
span equal to distance from the of zero moment to the intersection 
section of zero moment to a critical of a diagonal tension crack with 
section (Fig. 2) the tensile reinforcement (Fig. 2) 

a" = distance between the critical sec- © = width of beam 


a 


tions at the opposite ends of the = effective depth of tension rein- 
same shear span (Fig. 2) forcement (Fig. 2) 
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TABLE 1—OUTLINE OF BEAMS 
Web reinforcement 
| Negative Grade of 
. Shear Span 2 Shear Span 3 moment longitudinal Beam 
Series ——_—__—_—— ——__] reinforce- reinforce- desig- 
Y d fe : rt ment ment nationt 
Size and spacing |percent| Size and spacing |percent 

N — 0 — 0 Extended | Intermediate | E6N1 
ents Sonne ae 

—_ 0 — 0 Cut off C6N1 

os 0 = 0 C6N2 

= 0 = 0 C6N3 

A - 0 # 3 @ 2% in. 1.33 | Extended | Intermediate E6A1 
_- 0 # 3 @ 2% in. 1,33 E6A2 

“= 0 * 3 @ 2% in. 1.33 | Cut off C6Al 

— 0 # 3 @ 234 in. 1.33 C6A2 

H_ |No. 10 wire @ 12 in.| 0.039 *4@ 3in. 2.22 | Extended | Hard grade E6H1 
No. 10 wire @ 12 in.| 0.039 #4 @4in. 1.67 E6H2 

No. 10 wire @ 12 in. 0.039 ¥#4@3 in. 2.22 | Cut off Cé6H1 

No. 10 wire @ 12 in.| 0.039 #4@4in. 1.67 C6H2 

I No. 10 wire @ 12 in.| 0.039 #* 4 @ 3% in 1.78 | Extended | Intermediate H6I1 

No. 10 wire @ 12 in.| 0.039 * 4 @3in. 2.22 E612 

No. 10 wire @ 12 in.) 0.039 * 4@ 3% in 1.78 | Cut off Céll 

No. 10 wire @ 12 in.| 0.039 *4@3in. 2.22 C612 

N = ; = : Extended | Intermediate pone 
ae = 2 

_- (0) — 0 Cut off C3N1 

— 0 — 0 C3N2 

A == 0 * 3 @ 6in. 0.61 | Extended | Intermediate E38Al1 
a 0 #% 3 @ Gin. 0.61 E3A2 

— 0 * 3 @ 6 in. 0.61 | Cut off C3Al1 

— 0 #3 @ 6 in. 0.61 C3A2 

H x 2 @ 10in. 0.17 #* 4 @ Gin. 1.11 | Extended | Hard grade E3H1 
*2@10in 0.17 #4 @7%in 0.89 E3H2 

* 2 @10in 0.17 #4@ 6in. 1.11 | Cut off C3H1 

# 2@10in O17 #4@7% in. 0.89 C3H2 

it # 2@ 10in 0.17 *4@7in. 0.95 | Extended | Intermediate E3il 

* 2@10in 0.17 #4 @6in. 1.11 : E312 

* 2@10in 0.17 *4@7Tin. 0.95 | Cut off C31 

x 2@ 10in. 0.17 #4 @ 6in. Titi C312 

N = 0 Extended | Intermediate E2N1 
tes BS 

— 0 Cut off C2N1 

a = 0 C2N2 

A *3@10in 0.37 | Extended | Intermediate H2A1 
* 3 @ 10in 0.37 E2A2 

* 3 @ 10 in. 0.37 E2A3 

#* 3 @ 10in 0.37 | Cut off C2Al1 

*3@10in 0.37 C2A2 

H #¥ 3 @ 44% in. 0.82 | Extended | Hard grade E2H1 
* 3 @7in. 0.52 E2H2 

* 3 @ 4 in. 0.82 | Cut off C2H1 

* 3 @7in. 0.52 C2H2 

iy * 3 @ 4% in. 0.82 | Extended | Intermediate E211 

* 3 @ 5% in. 0.67 E212 

* 3 @4% in. 0.82 | Cut off C211 

* 3 @ 5% in. 0.67 C212 


area of stirrup 
width of beam X spacing of stirrups 


+The designation of each beam consists of two capital letters and two numerals. The first letter designates the 


negative reinforcement (& = extended, C = cut off); the first numeral designates the type of loading 


ty : } 
(6 = 1/6-point; 3 = 1/ 3-point; 2 = 1/2-point); the second letter designates the series in 


dicating the amount of 

I (H = hard d eee aes ue 

‘od d the grade of longitudinal reinforcement in Series H and Series i= grade; I = intermediate 

ee) ake iond summers is added to distinguish between companion specimens (1,2,3) that in Series Hand ~— 
leries I vary only in the amount of web reinforcement in Shear Span 3. Pore ge ; 


~~ (eee. 
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Critical Sections 


Point of Inflection 


Center Support 


Fig. 2—Explanation of some of the notations 


d’ = effective depth of compression 1, = nominal shearing stress at failure 
reinforcement (Fig. 2) Sed 
d" = distance between the centroids of S/"¢”s 
the tension and compression rein-  €, = maximum concrete strain at failure 
forcement (Fig. 2) 
ag = effective depth of tension rein- Moments and forces 
forcement at the section of minic 4/V = moment to shear ratio at the 
mum moment critical section 
dmaz = effective depth of tension rein- (M/V),= moment to shear ratio at the 
forcement at the section of maxi- critical section of a diagonal 
mum moment tension crack 
€ = distance from theoretical point of — \y+ = flexural moment capacity of a 
application of a load or reaction to positive moment section 
a oc of the loading block — 4,— = flexural moment capacity of a 
(Fig. 2) negative moment section 
L = span length (Fig. 2) : 
Ses : : M; = flexural capacity of a beam cross 
8 = longitudinal spacing of web rein- : 
section 
forcement : 
Bitresees Mynin = the numerically smaller of the two 
: moments in a shear span with 
1g = compressive strength of a 6 x 12- 


opposite-sign moments at the two - 


in. concrete cylinder critical sections; it should always 


if = tension steel stress at failure be taken as a positive quantity 
Te = compression steel stress at failure Myo, = the numerically larger of the two 
of, = yield point stress of tension rein- moments in a shear span with 
forcement opposite-sign moments at the two 
fl = yield point of stress of compression critical sections; it should always 
phieitardarnakt be taken as a positive quantity 
se = yield point stress of web reinforce- M, shear moment capacity of a beam 
reat with web reinforcement 
ve = nominal shearing stress at the ‘“s’ | = shear moment capacity of a beam 
intersection of a diagonal tension without web reinforcement 
crack with the tensile reinforce- ? = total load applied to the beam 


ment Py = total ultimate flexural load 
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V. = external shear at diagonal tension M nin Ope 
cracking load N See M 
Ve, = external shear at failure load i. ge 

“JZ Constants, parameters, and ratios p = A, 

4 A, = area of tension reinforcement bd 

: Ale = area of compression reinforcement 

A E, = modulus of elasticity of concrete = _ Asfy — Ad'fe’ 

P Es = modulus of elasticity of steel : is bdf. 

rr; ky, kx, and k3 = coefficients defining magni- 

s tude and positions of the internal area of one stirrup 
compressive force in concrete " = ig 
compressive zone 
E, > i" 

2 _ &, Zz ee Neral ones 
E. N d 


SPECIMENS AND MATERIALS 


Description of specimens 


The details and dimensions of the beams tested are shown in Fig. 1 and Tables 1 and 2. 
All beams had a nearly constant rectangular cross section of 6 x 14.5 in. and an over-all length 
of 19 ft. Both spans were 8.5 ft long. 

The longitudinal bottom reinforcement consisted of two #7 deformed bars which furnished 
approximately 1.6 percent of steel. They were continuous through both spans. An ACI 
balanced design would require 1.58 percent of longitudinal bottom reinforcement. 

According to the elastic theory of structures, the ratio between the negative and positive 
moments is 1.58, 1.50, and 1.20 for the 4-point, 14-point, and 14-point loadings, respectively. 
Since it was considered undesirable to vary the amount of longitudinal reinforcement with 
the type of loading, two 79 bars, furnishing an area equal to 1.67 times that of the bottom 
reinforcement, were chosen for the top longitudinal steel. The top reinforcement was located © 
over the center support. In beams with cutoff longitudinal steel, it was terminated 12 bar 
diameters beyond the theoretical point of contraflexure. In beams with extended reinforce- 
ment, the top reinforcement was cut off 20 bar diameters beyond the point of maximum 
positive moment. 

Concrete cover and spacing of the longitudinal reinforcement were the same in all beams; 
these are given in Table 3. The values permitted by ACI 318-51 are also listed in Table 3. 

All stirrups were of the closed type as shown in Fig. 1. Stirrups were made of #2, 73, and 
#4 bars and of No. 10 wire, depending on the shear span and the type of loading (Table 1). 


\ 


PT ON RCE TO ee 


é 


’ 


Web reinforcement ; 


In the end shear spans (Shear Spans 1) all specimens were provided with an amount of 
web reinforcement much larger than that required by the ACI Code (318-51), to eliminate 
any possibility of shear failures in the span (Fig. 1). According to the Code no web reinforce- 
ment was required in Shear Spans 2. 

The specimens in Series N (e-g., E6N1) had no web reinforcement in Shear Spans 3. Beams - 
in Series A (e.g., E6A1) were provided in Shear Spans 3 with the amounts of web reinforce- 
ment required by ACI 318-51. The Code required percentages of web reinforcement equal 

“to 1.32, 0.60, and 0.34 for Y-point, 14-point, and }4-point loadings, respectively. ACI 
318-56 requires that the percentage of web reinforcement in Shear Spans 3 be 1.23, 0.75, 
and 0.58 for -point, 14-point, and Y4-point loading, respectively. It ‘also requires that 
-weh zeinforcement be continued into Shear Spans 2, 18 in. and 6 in. for 4-point and W-point ~ 
loading, respectively. All other design limits required by ACT 318-56 give the same value as 


those of ACI 318-51. 
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TABLE 2—PROPERTIES OF BEAMS* 


Concrete ht Yield point of reinforcement, psi 
Effective depth cylinder strengt ——— —_———_—— 
Width, of reinforcement, in. Je’, psi Longitudinal 
Beams in | —_——_— icq“ c—m  — Web, 
Shear Span 3 
Bottom Top Bottom Top 
RONI “4 eae 12.63 x 12.50 3090 | 3460 | 45,400 42,900 
E6N2 6.06 12.75 12.50 2640 2600 46,800 44,500 
E6N3 6.06 12.75 12.50 3290 3250 46,800 44,500 
C6N1 6.13 12.75 12.63 3790 3340 46,400 46,500 
C6N2 6.00 12.88 12.50 3210 2470 46,700 45,500 
C6N3 6.06 12.75 12.38 3150 3160 46,700 45,500 
E3N1 6.00 12.75 12.50 3650 3910 45,500 43,500 
E3N2 6.00 12.75 12.50 3380 3440 46,100 44,000 
C3N1 6.00 12.75 12.50 3350 3260 46.700 45,900 
C3N2 6.06 12.63 12.50 3290 | 3310 46,600 45,700 
E2N1 6.19 13.00 12.50 4200 4390 45,600 43,500 
E2N2 6.00 12.75 12.50 3010 2350 47,100 43,500 
E2N3 6.13 12.56 12.63 3330 3120 47.100 43,500 
C2N1 6.13 12.75 12.50 3780 3540 48,000 43,500 
C2N2 6.00 12.63 12.50 2700 | 2960 46,700 46,100 
Series A . 
E6AL 6.00 12.63 12.50 3380 3570 45,400 44,500 50,700 
E6A2 6.13 12.50 15. 3200 2980 48,100 44,300 50,800 
C6Al1 6.00 12.56 12.50 3480 3090 46,100 45,300 50,000 
C6A2 6.06 12.56 12.44 3170 3390 47,500 46,200 51,200 
E3Al 6.00 12.50 12.44 3280 3650 46,100 43,600 50,600 
E3A2 6.13 12.50 12.50 3160 32 47,600 43,300 50,800 
C3Al 6.13 12.50 12.50 3510 3260 46,100 43,500 50,400 
C3A2 6.13 12.75 12.38 3410 3140 47,600 45,200 50,500 
E2A1 6.00 12.50 12.50 3760 3590 46,400 45,600 50,200 * 
B2A2 6.00 12.63 12.50 2830 2720 47,200 44,500 50,300 
E2A3 6.13 12.63 12.44 2940 2860 48,000 47,400 50,900 
C2A1 6.06 12.50 12.50 3260 3310 46,100 44,300 51,500 
C2A2 6.19 12.63 12.25 3260 3090 47,000 45,000 50,600 
Series H 
E6H1 6.00 12.80 12.30 3430 3500 500 600 46,200 
E6H2 6.00 12.56 12.44 4190 3670 55,600 61,500 46,000 
C6H1 6.00 12.87 12.83 3460 3480 56,100 58,200 47,300 
C6H2 6.00 12.50 12.37 3860 3410 57,200 60,000 45,000 
E3H1 6.00 12.53 12.00 3410 3970 55,100 58,800 000 
E3H2 6.00 12.26 12.83 4170 54,700 57,600 45800 
C3H1 6.00 12.52 12.45 3450 2930 55,800 000 46,100 
6.00 12.70 12:40 3500 2920 59,400 59,800 46,100 
E2H1 6.00 12,57 12.77 3370 3020 55,100 58,300 Y 
E2H2 6.00 12.95 12.15 3310 2950 56,900 60,000 32600 
C2H1 6.00 12.51 12.25 3240 3150 54,700 58,800 51,300 
C2H2 6.00 13.35 12.80 4320 3630 56,400 58,100 1,900 
fais 6.00 12.77 2 
: 12.30 3680 48,100 44,300 : 
E612 6.00 12.74 12.30 3410 3310 49,000 45'000 
C6lL 6.00 12.60 12.40 4040 3510 49,100 43,300 46,500 
C612 6.00 12.47 12.52 3100 2970 49,700 ‘ 46,700 
ESI 6.00 13.00 12.20 4130 3830 48,200 42,300 
E312 6.00 12.40 12.25 3750 3240 48,900 44.600 47100 
c3u 6.00 12.90 12.25 3720 3880 49,200 ; 100 
C3I2 6.00 12.42 12.40 3120 47,800 45,700 46,600 
E21 6.00 12.75 12.45 3770 3350 47,400 
E212 6.00 12.75 12.35 3390 47,200 45°700 Br'00D 
C2I1 6.00 12.57 12.27 4150 3800 49, 42,300 51,000 
C212 6.00 12.70 12.12 2790 2630 48,600 44,600 51,700 


*All beams were 14.5 in. deep and continuous over two 8.5-ft spans. The bottom reinf. i 
#7 bars, the top reinforcement of two #9 bars, and the web reioforeement consisted of vartlaal pauoripsrel aitees 
ent sizes. Beams subjected to the same type of loading had the same web reinforcement between the end su 
and the first load (Shear Span 1), and between two loads in the same span (Shear 2) for beams in Series iH and 
Series I; no web reinforcement was provided in Shear Span 2 for beams of Series N and Series A; the web reinforce- 
ment varied for different beams between the inner loads and the center support (Shear Span 3) for beamseof all 
seen: except rae N, which had no web reinforcement in Shear Span 3. The positioning of the reinforcement is 
tAverage of four to five cylinders from each batch. 
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TABLE 3—COVER AND SPACING OF LONGITUDINAL STEEL* 


Positive reinforcement ° Negative reinforcement 
Item ‘ Minimum Minimum 
Nominal ACI 318-51 Nominal ACI 318-51 
Vertical cover, in. ibe) 1.5 ils 1.5 
Side cover, in. Teo 56) 1.25 15 
Clear spacing, in. 125 133 125 ioe 


*The cover dimensions are given to the outside face of the longitudinal reinforcement. 


Results of Series N and Series A indicated that to prevent shear failures in Shear Spans 2 
web reinforcement was needed in those spans. Therefore all beams in Series H and Series I 
were provided with enough web reinforcement in Shear Spans 2 to prevent failure. 


The analysis used in this investigation for the shear compression strength of reinforced 
concrete beams is based on the hypothesis of an existing limiting shear moment capacity. 
Since the maximum moment in the continuous beams occurred next to the center support, 
the amount of web reinforcement in Shear Spans 3 was varied in corresponding specimens 
in Series H and I in order to determine the contribution of web reinforcement to the shear 
strength of beams. 


Materials and mixing 

Cement—A standard brand of Type I portland cement used throughout the tests was pur-_ 
chased in paper bags and stored under proper conditions. For Series N and Series A of the 
investigation the cement was purchased in three lots, and for Series H and Series I in two lots. 

Aggregate—The fine aggregate used was a Wabash River torpedo sand. Sand used in Series 
N and A had an average fineness modulus of 2.94, while that used in Series H and I had an 
average fineness modulus of 3.24. The coarse aggregate was a Wabash River gravel of 1-in. 
maximum size. The average grading of the aggregates is given in Table 4. Absorption of 
both fine and coarse aggregate was about 1 percent by weight of surface dry aggregate. 

Proportions and mixing—All concrete was proportioned for a nominal compressive strength 
of 3500 psi at 28 days. The proportions of cement to sand to gravel by weight were 1:3.50: 
4.90 for Series N and A, and 1:3.84:5.76 for Series H and I. The cement-water ratios used in 
Series N and A, and in Series H and I were 1.3 and 1.11, respectively. Slump varied from 
2 to 4 in. 


TABLE 4—GRADING OF SAND AND GRAVEL 


Series N and Series A, Series H and Series I, 
Sieve size percent retained* percent retained* 
Sand Gravel Sand Gravel 
144 in. 0 0 0 0 
84 in. 0 23.2 0 Bye 
3% in. 0 73.8 0 76.9 
No. 4 12 97.8 1.9 99.0 
8 11.7 100.0 18.1 99.5 
16 28.4 10050 41.0 99.5 
30 61.7 100.0 69.3 100.0 
50 92.5 100.0 93.8 100.0 
100 98.4 100.0 98.5 = 100.0 
Fineness modulus _ 2.94 6.95 B20 7.07 


_~ *Average for four lots of sand and gravel. — z 


—_ 
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Fig. 3—Bar deformations 


Materials were mixed in a nontilting, horizontal 6.5 cu ft drum mixer for approximately 
5 min. Table 2 contains the average compressive strengths of concrete determined for each 
beam from tests of control cylinders. An average value is reported for Batches 1 and 2 cor- 
responding to the concrete placed in the outside thirds of the beam, and a separate value for 
Batch 3 corresponding to the concrete in the middle third of the beam. In addition, initial 
modulus of elasticity was determined for Batch 3. The results were in good agreement with 
the values given by Lyse’s equation: 


E, = 460 f.’ + 1,800,000 


Reinforcement—The longitudinal reinforcement consisted of #7 and #9 deformed bars of 
intermediate and of hard grade steel. The web reinforcement was made of #2, #3, and #4 
bars and of No. 10 wire. The #2 bars and No. 10 wire had plain surfaces. All other bars 
sizes had deformations perpendicular to the bar axis (Fig. 3a), except for the #3 bars indi- 
cated in Table 5, which had inclined deformations (Fig. 3b). Bar dimensions (Table 5) 
were determined from five bars of each size. All bar sizes satisfied the requirements 
of ASTM A 305-53T. 

A tension test was made of one coupon from each bar. The average yield point, ultimate 
strength, and percent elongation in 8 in. are listed in Table 5. The average modulus of elas- 
ticity was 29,000,000 psi. 


The bars in each beam were matched so that bars of the same size would have approxi- 
mately the same mechanical properties. The average yield points for reinforcement in each 
individual beam are given in Table 2. Typical stress-strain curves for intermediate and hard 


TABLE 5—AVERAGE PROPERTIES OF REINFORCING BARS* 


Deformation, in. Yield Ultimate | Elongation 
Bar Area, ———— ——-— -—— point, strength, in 8 in., 
size 8q in. Spacing ) Height Gap psi psi percent 
#9 


Series N and Series or ms tar TP Grade 


; 
44,700 78,300 . 
} 


0,989 714 0.067 0.191 22.3 
a7 0,595 0.571 0.050 0.160 46,600 80,500 20.6 
#3 0.111 0,250 0.020 0.045 51, 76,200 20.8 
# 3T 55,600 85,600 
Series H—Hard grade 
#9 0.977 | 0.738 | 0.066 0.149 58,700 121,100 10.9 
#7 0.585 0.559 0.039 0,112 56,100 103,900 13.5 
Series I—Intermediate bpade 
*9 0.9 44,000 | 80,500 20.3 
a7 0.597 57,800 80,500 19.3 
® 4 0.191 45,300 | 65,800 15.6 
#3 0.115 46,100 73,700 18.6 
#2 0.051 54,300 | 77,200 13ek 
| 


*All reinforcing bars were made of billet steel meeting the requirements of ASTM A 15-54T. E: " h 

otherwise, the deformations were perpendicular to ine bar act and met the requirements of ‘ASTM A Seen 

sn ~ pes Ve tested from each bar length. The deformation data were determined on five bars of each size 
a om. 


tBars used only for web reinforcement in Shear S$ 1 of Bi A2, 
They had deformations of the type shown in Fig. 3b. walabactnn) ho Poet lege my else ime 
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‘and by SR-4 electric strain gages. 


the bed of the testing machine. 


grade bars are shown in Fig. 4, which includes 
data obtained by a mechanical extensometer 
The #7 
hard grade bars gave stress-strain curves 
similar in shape to those of intermediate 
grade bars. The major difference was that in 
the former the initial plastic region showed a 
slight slope, while in the latter the initial 
plastic region was horizontal. 


Fabrication and curing 


All beams were cast in steel forms in an 
upright position. The bottom reinforcement 
was supported on steel chairs resting on the 
bottom of the forms. The top reinforcement 
was supported by the stirrups and, when 
needed, by a transverse spacer bar on the 
center line of the beam; where no stirrups 
were provided, it was suspended on wires 
fastened outside the beam. The stirrups were 
wired to the top and bottom longitudinal rein- 
forcement; where no top reinforcement was 
provided, stirrups were supported by tem- 
porary longitudinal spacer bars which were 
removed before the forms were completely 
filled with concrete. 

Concrete was placed in three batches. The 
first two batches were placed in the outer 
thirds of the beam, and the third batch was 
placed in the middle third. The concrete was 
compacted with an internal rod vibrator. 
Four to five 6 x 12-in. control cylinders were 
made from each batch. The cylinders were 
cast in steel forms and compacted with an in- 
ternal rod vibrator. A few hours after cast- 
ing the cylinders were capped with neat 
cement paste. 
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Fig. 4—-Stress-strain curves for steel bars 


On the day after casting forms were removed and the specimen and control cylinders were 
covered with wet burlap for 6 additional days of moist curing. Seven days after casting the 
burlap was removed and the specimen and control cylinders were stored in the laboratory 
and allowed to dry until tested at the age of approximately 28 days. 


TEST METHOD 


Equipment and Instrumentation 


All continuous beams were tested in a 300,000-lb mechanical testing machine. The beam 
was supported on a screw jack and on a pedestal (Fig. 5), that formed the outside supports, 


and on a steel pipe dynamometer forming the center support. All three supports rested on 
The screw jack permitted vertical adjustments to correct 


for deformations of the center support and of the bed of the testing machine. 


The center reaction was measured with the steel pipe dynamometer of -20,000-lb capacity, 
which was equipped with electric resistance SR-4 strain gages. Deflections along the center 


line of the beam’s bottom surface were measured with six 0.001-in. dial indicators. 


These 
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were supported from a bridge attached to the beam over the end supports in beams of Series 
N and A, and to the end supports in beams of Series H and I as shown in Fig. 5. The changes 

-in relative position of the three supports were checked with two additional dials attached to 
the bridge at the center support. 


Steel strains were measured with Type A-7 electric resistance strain gages 14 in. long. 
The gages were attached to the gap of the reinforcing bars through core holes formed in the 
sides of the specimens during casting. On the top longitudinal reinforcement, one gage was 
placed on each bar 2 in. from the center line of the center support. On the bottom reinforce- 
ment one gage was placed on each bar 2 in. inside from the point of maximum positive mo- 
ment, and at the point of contraflexure. Corresponding gages on the two longitudinal bars 
were always placed in the opposite spans so that only one core hole was located at any cross 
section. Strains on the web reinforcement were measured only in Shear Spans 3. Four to 
ten gages were distributed along the lines of expected major diagonal tension cracks to obtain 
data for every stirrup location with respect to the center support. 


Concrete strains were measured with Type A-1 electric resistance strain gages 13/16 in. 
long. One gage was placed along the center line of the bottom surface of the beam, on each 
side of the center support 2 in. from the center line of the support. In all beams in Series H 
and Series I one gage was placed along the center line of the top surface of the beam 2 in. 
inside the points of maximum positive moment. As all bearing blocks were 4 in. wide, half 
of the gage was under the bearing block; to accommodate the gage the blocks had a narrow 
groove along the bearing surface. 


In a few beams, strains in the steel and concrete were also measured at several locations 
other than those described above. 


Prior to testing all bearing blocks in contact with the concrete surface were bedded in 
plaster of Paris. 


NOTE: |. All Steel Bearing Blocks 4x 6x 1+" 
2. All Steel Rollers and Balls 2" in Diameter 


Machine Head 


betel om a 
SP) eee 


Te 


setitet 
Se 


059544 % "ee. 0:04. %5%0"6"6. 6, ,%4%0' 6 @ 4.40% 5% e% e760, 0.8,Fo%e% eo a%a%s "6%, . 
SOOO OSS OOOKG HOOVES? SOON AL DOOD OOOO IO ON 00.4066: 6.9.9, % "9" 4% a"s"e%e'e%e"o' 6" 
ate letere.t, KS OKKK CHR NOI ICS % OOOO BOOOOOO 

es SSSI NM eNO SSSR oehe eee ta tataletettetelanatete 


SOOO 
SOGOORRLOOOOOIO 


-Screw Jack Steel Ball 


Deflection Bridge Pipe Dynamometer 


Fig. 5—Testing arrangement 


| 
; 
: 
. 
: 
: 
: 
7 
: 
; 
. 
| 
| 


Ee — 


——E 


eT PEN 


>] 


4) 


eet 


.\ 


ave! 


PCN REN eS UTI EO 


SHEAR STRENGTH OF CONTINUOUS BEAMS 1101 


Test procedure 
Three different types of loading (Fig. 1) were used. The 1-point loading consisted of four 
equal concentrated loads on the beam, applied at the outer sixth points of each span. The 
¥g-point loading consisted of four equal concentrated loads on the beam, applied at the third 
points of each span. The 14-point loading consisted of one concentrated load at the center 
point of each span. 
The load was applied through a system of distributing beams (Fig. 5). The arrangement 
in Fig. 5 corresponds to %-point loading. For 14-point loading the inner bearing blocks 
were used, and for 144-point loading the load was applied through the top distributing beam 
only. 
The load was applied in increments up to failure of the specimen. Prior to application of 
the first. load, steps were taken to make sure that the dead load of the beam was distributed 
to the supports in accordance with the elastic theory of beams on nondeflecting supports. 
During application of each increment of load the screw jack was frequently adjusted to cor- 
rect for any changes in the relative position of the supports, thus simulating conditions exist- 
ing in a beam supported on nondeflecting supports. After each increment, the load was 
stabilized and measurements were taken of the center reaction, deflections, steel strains, and 
concrete strains. In addition, the specimen was examined for crack formation, and a pictorial 
record was kept of changes in crack pattern. Testing of one specimen took from 4 to 6 hr. 
The control cylinders were tested in a 300,000-Ib hydraulic testing machine on the same 
day as the corresponding beam. In tests of cylinders from the third batch, strains were 
measured with an 8-in. extensometer. 


TEST RESULTS 


Test data compiled 

The test data are summarized in Table 6, which includes loads at the 
formation of critical diagonal tension cracks, first yielding of reinforcement, 
and failure. 

A diagonal tension crack is an inclined crack extending from the positive 
longitudinal reinforcement to the critical section, and making an angle of 
about 45 deg with the reinforcement. The diagonal tension cracking load is 
that load at which the diagonal tension crack has extended sufficiently into 
the beam to cause an appreciable redistribution of internal stresses. Diagonal 
tension cracking loads given in Table 6 were determined from visual observa- 
tion and from a study of the load-steel strain curves and the load-deflection 
curves. 

The load at first yielding of the reinforcement was determined from the 
load-strain curves for the reinforcement. 

“Failure load” is the maximum load that the beam could carry. Many 
specimens continued to carry a load after reaching the maximum load. When- 
ever this was the case the test was continued until the load had dropped to 

approximately half the maximum. It is important to note, however, that 
- should the maximum load have been maintained on the specimen for a short 
‘period, complete collapse would probably have occurred at that load. 


Behavior before and at first diagonal tension cracking 
In tests of all the beams three distinct stages were observed during loading: 


; ~ (1) beam in uncracked conditions, (2) beam cracked in tension only, and 


(3) beam with diagonal tension cracks in addition to flexural cracks. Further- 


1102 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE April 1959 


TABLE 6—DIAGONAL TENSION CRACKING, YIELD, AND FAILURE LOADS 


uoad P, kips, at first Load P, kips, at figst . 
Pec canoe cracking yielding of reinforcement __ Failure data — 
Shear Span Longitudinal eb Canter 
BOA 7 To ee Shear | Load P, |Location*)/Modet} reaction, 
——_——-_| 2 1 Top | Bottom | Span 3 kips ps 
Top | Bottom ‘i ~ ae 
Series N y 
BONI 59 130 150 | 80 — pe 160 SB 8 94.9 
E6N2 52 100 rem EE, rant ea eo 4 3 o 
E6N3 52. 120 = sy BG ay Se Sate 160 3B ~ 94.5 
Gene | Ss 100 S Peng boas x 115 3B S 08:3 
C6N3 60° 99.9 | —*}-100 = - 140 3B s 83.1 
5 | 75 3 s 49.1 
E3N1 40 75 —j; 6 | — 5 
PE I ET SER Oa arb re wage, Ema = iS 3 |pb| 29:5 
C3N2 40 ze aes ) pa = . = 71.8 3B S-B 47.0 
5 E2N1 38 38 } — | — | — os a : peg 
E2N2 34 34 } — | = | eo ms - 313 
EN = eae eS be | 338 3T B | 24:4 
oo |-C2N2 29.4 — Gee i : 37.2 ST)" h<R 23.9 
; . 
. Series A Sol ) 2 ry 
x E6A1 8.5 | 160 160 | 74 — | - | — 190 2 D 114. 
6 E6A2 58.2 | 90 160. | 75:2, |) 4° = - 172.3 a 2p 104.9 
+ C6A1 50 145 — | 120 — |< 183 198.5 S 119.8 
C6A2 58 135.3 | 180 | 100 — | - 194.7 2 
3 50 = |< 90 110 110 102 120 3B F 79.7 
, F3A2 38 70 ie 8 115 117 109 120 3B F 79.7 
d C3Al 40 83 110 | 100 — 98 118 2 D 78.7 
ie C3A2 40 100 a (SOU at ae — 108 119 3B 8 79.3 
= 
at E2Al 30 38 — — 80 70 85 3 s 60.0 
ee E2A2 35 35 = — 77 64 78 3 8 53.9 
B2A3 30 40 80 sah 5) 67 84 g . 57.98 
; C2Al 30 40 — = _ — 65 3T s ea 
%s C2A2 30 40 70 neta has 55 80 3T 8 i 
‘ | | 
Series H ; 
64 130 — | 90 = 220 — 229.6 3B s 136.9 
eH 56 170 — | 20 — _ —_** 208.5 3B s 123.8 
E6H2 48 110 — | - 80 — — = 208.5 3B s 122, 
C6H2 64 100 — | 72 _ = = 210.4 3B 8 123.6 
3 36 65 —\ | 65 — 120 — 144.5 3B s 92.4 
Gait 30 85 — | BB _ 125 _ 128.0 3B s 81.4 
E3H2 36 80 — |. 60 — —** = 128.0 3B 8 82.5 
C3H2 30 —_ — |°'60 _ _** = 117.6 3B s 74.3 
E2H1 30 35 75 — 90 100 103.7 3B S-B 67.3 
C2H1 30 55 65 — 90 —_ 97.0 3B S-B 65.8 
E2H2 30 55 55 — |» 85 85 89.6 3T S-B 57.5 
C2H2 30 55 85 _ 95 75 95.0 3T S-B 63.7 
Series I 
; E61 60 120 — 200 _ 210.0 3B F 121.7 
— «<C6lL 50 140 — | 80 195 205 — 205.0 3B F 117.1 
612 60 160 —. | 95 — — ~ 190.0 3B s 110.5§ © 
612 50 140 — } 80 _ 195 195.0 3B 8 113.4 
B31 36 95 — | 65 124 120 _ 126.0 3B Fr 81/3 
C31 35 60 — | 60 120 120 — 122.0 2T Pr 79.4 
E312 35 65 — | 6 124 120 124 124.0 3B F 80.1 
C312 36 95 — | 65 120 115 120 123.0 1T F 80. 
bel 30 50 70 95 90 97 95.0 3T F 67.1 
C211 30 40 70 95 95 104 105.0 1c F 73.1 
E212 35 50 60 95 90 97 97.0 3T F 67.9 
C212 30 50 50 95 90 85 95.0 in F 66.0 


*1T; top of Shear Span 1 adjacent to load bearing block; 2: in Shear Span 2; 2T: top of Shear Span 2 adjacent 
to ontaide loed bearing block; 3: in Shear pres 3; 3B : bottom of Shear Span 3 adianent, to center support bearing 
block; 3T: top of Shear Span 3 adjacent to load bearing block. 
= shear compression failure, D = diagonal tension failure, F = flexural failure, B = splitting bond failure, 
ailed simultaneously with the formation of the second diagonal tension crack in Shear Span 3. 
Measured values; all other reactions are bebds dyes quantities. 
**The strain readings at failure indicated that the steel may have been on the verge of yielding. 
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E6N3— Shear compression failure 


C3N2— Shear compression-splitting bond failure 


E2NI — Splitting bond failure 


Series A 


\ 


_~ C2Al— Shear compression fallure 


ae Fig. 6—Beams after failure. 
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C3HI— Shear compression failure 


C611 — Flexural failure 


C311 — Flexural foilure 


C212 —Fiexurol failure 
Fig. 7—Beams after failure. 
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more, at loads approaching failure, varying degrees of splitting along the 
longitudinal reinforcing bars and crushing at the sections of high compressive 
stresses were usually observed. The different types of cracks observed in 
the four series—flexural, diagonal tension, splitting, and crushing—are shown 
in Fig. 6 and 7. 


Cracking had in general a profound influence on the over-all behavior of 
the beams. However, cracking had a small influence on the center reaction. 
Fig. 8 compares the experimental measurements of center reaction for various 
increments of loading for four typical beams with center reaction computed 
by elastic theory for a two-span continuous beam of uniform stiffness (full 
line) and with the reaction computed for two simple beams (dashed line). 


Data in Fig. 8a, typical of beams of Series N and Series A, indicate that 
experimental values of the center reaction were almost identical to theoretical 
values computed by elastic theory. Deviations from the theoretical values 
were observed systematically only in beams without web reinforcement in 


_ Shear Span 3 at loads almost equal to the failure load. In those instances 


the center reaction value was always lower than the theoretical value for a 
two-span continuous beam; however, it was always substantially higher than 


half the total load. 


The center reaction data of typical beams of Series H and Series I are | 
shown in Fig. 8b. Although there was good agreement between theoretical 


~ elastic values and measured values for the center reaction, in no case were 
the two values identical. Deviations of up to 3.5 percent were observed, 


the measured reaction value being always smaller than the theoretical. It 
is noteworthy, however, that a small variation in the center reaction may 
change the moments in the member appreciably. For the beams under con- 
sideration computations show that a variation of 1 percent in the center 


- reaction will change the maximum negative moment 4 percent and 6 percent 


for 14-point loading and the 4%-point loading, respectively. 
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Typical load-deformation curves are shown in Fig. 9. It will be noted 
that after diagonal tension cracking, which occurred in beams with }4-point 
loading at a load of about 40 kips, both the rate and magnitude of measured 
deflections exceeded the computed values. Except at low loads and after 
yielding, measured steel strains agreed well with the computed values for 
cracked sections. 


Diagonal tension cracking loads in Shear Span 3 are recorded in Table 6. 
It was observed in this investigation that the cracks developed in three ways: 
(1) diagonal cracks started at the level of top reinforcement and extended 
toward the center support; (2) diagonal crack formed at about middepth 
of the beam and extended upward and downward simultaneously; and (3) 
diagonal tension crack started at the tip of slightly inclined flexural cracks, 
connecting a number of them. 


Diagonal tension cracking loads listed in Table 6 under the heading “load 
at first diagonal tension cracking in shear Span 3, top’? were the loads at 
which the first diagonal tension crack formed in every beam. The cracks 
formed progressively so that the loads corresponding to their formation were 
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Fig. 9—Typical load-deformation curves 
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difficult to. determine. Their growth was slower in beams with web rein- 
forcement than in beams without web reinforcement, and in beams with 
Yé-point loading than in beams with either 14- or 14-point loading. 


Behavior after formation of first diagonal tension crack 


After formation of the first diagonal tension crack, all beams were capable 
of sustaining further increase in load. The load increase was accompanied 
by an increase in the amount and extent of flexural and diagonal tension 
eracking and by a redistribution of internal stresses. The redistribution of 
stresses was particularly well indicated by the steel strain measurements 
taken at points of contraflexure as shown in Fig. 10, and by concrete strain 


(b) 4-Point Loading (c ) $-Point Loading 
Series A Series A 
Series N Series N 


(a) & Point Loading 4 b= ; 
Series A 4 | C3NI 
Series N j 


(e) 4- Point Loading (f) 4- Point Loading 
Series H Series H 
Series | Series | 


(d) £-Point Loading 
Series H 
Series | 


0) 025 050 


Strain in Thousandths 


Fig. 10—Bottom steel strains at section of theoretical zero moment 
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measurements taken on the bottom surface near the center support as shown 
in Fig. 11. 

Strains at the theoretical point of contraflexure were measured in both 
bottom and top longitudinal reinforcement and are shown in Fig. 10 for the 
bottom reinforcement in typical beams. For 144-point and 14-point loadings 
these strains were rather small up to approximately the first diagonal tension 
cracking load; upon further increments of load the steel strains increased 
appreciably. The 4%-point loading showed a gradual increase in steel strains 
with increases in load; measurable strains were usually observed at loads 
varying between 40 and 120 kips. 

Distribution of concrete strains along the bottom surface of the beam was 
measured in three beams as shown in Fig. 11. The points of contraflexure 
were located 20.5, 25.5, and 28 in. from the center support, for the 4%-point, 
14-point, and 14-point loadings, respectively. The high tensile strain recorded 
by the gage 10 in. from the center support in beam E6N1 was due to a crack 
forming inside the gage length. Note that gages more than 4 in. from the 
support indicated either no strain or low tensile strains in a region that ac- 
cording to the elastic theory should be in compression. 


In general crack development in the two spans was almost symmetrical. 


In some beams corresponding diagonal tension cracks formed at the same 
load in corresponding shear spans, while in other beams cracking loads differed 
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up to 30 percent. The smaller of the two corresponding diagonal tension 


cracking loads is listed in Table 6. 

After formation of the first diagonal tension crack in Shear Span 3, ad- 
ditional diagonal cracks developed at some or all of the following locations: 
in the adjacent Shear Span 3, at the bottom of Shear Spans 3, in Shear Spans 
1, and in Shear Spans 2. 

Diagonal tension cracks in Shear Spans 1 extended from the level of bottom 
longitudinal steel toward the first load point. Crack formation was gradual, 
which is believed to be partly responsible for the scatter of cracking load 
in Shear Spans 1 for specimens of the same type, as shown in Table 6. At 
no time did these cracks open up widely. In several beams with 1g- and 
14-point loading no diagonal tension cracks formed in Shear Spans 1, evi- 
dently because the beams failed at a load lower than that necessary for the 
formation of that crack. 

The second diagonal crack in Shear Spans 3 extended from the level of 


bottom reinforcement toward the loading block. Loads causing the second 


diagonal crack are listed in Table 6 under the heading “load at first diagonal 
tension cracking in Shear Span 3, Bottom.” These cracks were observed 
in all beams with web reinforcement of 14-point and 14-point loading, and 
in most beams subjected to 4%-point loading. In addition to the first and 


~ the second diagonal cracks, a number of minor diagonal cracks formed in 


Shear Spans 3 of several beams. In most cases, however, these cracks were 
not well defined or continuous. 

In five beams in Series N and Series A a diagonal tension crack formed 
in Shear Span 2, where in accordance with ACI 318-51, web reinforcement 


was not required. Four of them failed suddenly and violently at loads either 


equal to or slightly higher than those at which the cracks were first observed. 
These were the most violent of all failures. None of the beams of Series H 


and Series I developed well-defined diagonal tension cracks in Shear Span 2. 


Some indications of initial inclined cracking were observed, but it is possible 
that web reinforcement prevented full development of diagonal tension cracks. 
Beam C312 failed in flexure and collapsed under unusual circumstances. 


A fully plastic condition (yielding of both top and bottom reinforcement) 
_had developed in the beam, and the amount of deformation had been appre- 


ciable. The load started dropping slowly and the drop-off was accompanied 
by concrete crushing next to the inner face of the outside loading block. 
Suddenly, when the load was approximately 10 percent below the maximum, 
the beam collapsed by diagonal tension. The diagonal crack extended from 


the top of the beam in Shear Span 2, next to the loading block, to the bottom — 


of the beam. It is believed that high compressive stresses in combination with 


_a state of high shear precipitated collapse of the beam. 


Behavior at failure 
Four modes of failure were observed in these tests: diagonal tension, flexural, 
shear compression, and splitting bond failures. Table 6 lists the load at 


failure, location of the failure section, and the mode of failure for each beam. 
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Series N 

All beams without web reinforcement failed in Shear Span 3, mode of 
failure varying with type of loading. After the maximum load was reached 
there was either a substantial drop’in load earrying capacity, or a complete 
collapse of the beam. 


All beams with %-point loading failed in shear compression by crushing 
of concrete adjacent to the center support bearing block. Concrete strains 
were high at the section of failure, indicating a large concentration of stresses 
(Table 7). 


Beams with 14-point loading showed basically two types of failure, in which 
the length of negative longitudinal reinforeement appears to have had an 
effect. Beams with extended top steel failed simultaneously with the for- 
mation of the second diagonal tension crack in Shear Span 3. Beams with 
cutoff top reinforcement failed along an existing diagonal tension crack, 
with splitting taking place along the top longitudinal reinforcement, and 
extending to within a few inches of the cutoff points (Beam C3N2 in Fig. 6). 
Strain measurements after failure indicated the possibility that final failure 
was caused by slippage of the top bars. The slippage was probably a conse- 
quence of the preceding splitting which, in turn, had its origin in the for- 
mation of the first diagonal tension crack. 


Beams with 14-point loading failed by splitting bond failures along the top 
longitudinal reinforcement at loads only slightly in excess of the first diagonal 
tension cracking loads. In beams with extended top reinforcement the 
splitting extended to the load points (Beam E2N1 in Fig. 6), whereas in 
beams with cutoff top reinforcement splitting extended to the cutoff points. 


Series A 


Beams with ACI Code web reinforcement failed either in Shear Span 2 or in 
Shear Span 3. Failures which occurred in Shear Span 2 were sudden and 
complete. Failures in Shear Span 3 were usually gradual and, with one 
exception, occurred after yielding of web reinforcement (Table 6), followed 
in some cases by yielding of the longitudinal reinforcement. None of the 
beams designed according to ACI 318-51 reached full flexural capacity. 


Beams with )-point loading failed either in Shear Span 2 or Shear Span 3. 


ee Failures in Shear Span 2 were characteristic diagonal tension failures although 


they did not occur simultaneously with the formation of the diagonal tension 
crack (Beam E6A1 in Fig. 6). One beam failed in Shear Span 3 by shear 
compression with concrete crushing adjacent to the center support after 
yielding of web reinforcement. 

Beams with 14-point loading failed either in Shear Span 2 or Shear Span 
3 after yielding of web reinforcement in Shear Span 3. Failure in Shear 
Span 2 occurred by diagonal tension. Flexural and shear compression failures 


occurred in Shear Span 3 by crushing of concrete adjacent to the center 
support. 
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7 
4 TABLE 7—MAXIMUM DEFORMATION AT FAILURES* 
a Beam Deflections at Concrete - — Rie seek ae VS - 
- midspan, in. strains Top Bottom Webt 
ps 
ee H6N1 0.160 0.00660 0.00100 25 
4 B6N2 0.146 0.00550 0.00092 0.00100 
val E6N3 0.140 0.00500 0.00112 0.00120 
a C6N1 0.180 0.00950 0.00122 0.00127 
ae C6N2 0.180 0.00900 0.00091 0.00076 
os C6N3 0.174 0.00600 0.00102 0.00115 
< E3N1 0.170 0.00490 0.00080 0.00102 
4 H3N2 0.164 0.00375 0.00086 0.00100 
ba 2 C3N1 0.060 0.00160 0.00055 0.00050 
i C3N2 0.185 0.00625 0.00078 0.00090 
- 
4 E2NI 0.110 0.00390 0.00046 0.00068 
“3 E2N2 0.130 0.00225 0.00045 0.00084 
4 K2N3 0.052 0.00085 0.00064 0.00080 
=a C2N1 0.076 0.00184 0.00038 0.00076 
= C2N2 0.062 0.00064 0.00054 0.00056 
4 y 
a: Series A 
- E6A1 0.180 0.00700 0.00160 0.00172 0.00146 
iy E6A2 0.142 0.00625 0.00128 0.00132 0.00146 
a Cé6A1 0.220 0.00560 0.00163 0.00177 0.00218f 
oo Cé6A2 0.230 0.00575 0.00172 0.00167 0.00173 
BEBA1 0.331 0.00835 0.01044 0.01044 0.00269 
E38A2 0.350 0.00750 pectin es 0 eaeat 
C3Al 0.440 0.00850 0.00170 0.00156 0.00300 
C3A2 0.315 0.00875 0.00143 0.00190 0.00224f 
E2A1 0.344 0.00600 0.00113 0.00653t 0.00401f 
E2A2 0.272 0.00565 0.00110 0.00266t 0.00725 
H2A3 0.290 0.00605 0.00120 0.00184 0.00712t 
C2Al1 0.190 0.00200 0.00115 0.00100 0.00150 
C2A2 0.220 0.00375 0.00100 0.00166 0.00218f 
Series H 
E6H1 0.346 0.00970 OD OOUOPean bli tin ahrcvethare ” 0.00155 
CéH1 0.262 0.00996 0.00187 0.00186 0.00846} 
E6H2 0.279 0.00955 0.00125 0.00195 0.00133 
C6H2 0.277 0.00910 0.00144 0.00194 0.00145 
E3H1 0.534 0.00703 0.00206 0.00870 0.00170 
C3H1 0.480 0.00900 0.00153 0.00203 0.00137 
E3H2 0.320 0.00578 0.00146 0.00204 0.00134 
C3H2 0.363 0.00716 0.00154 0.00213 0.00091 
BH2H1 0.636 0.00702 0.00191 0.00700+ 0.01318 
C2H1 0.420 0.00372 0.00134 0..00948f 0.00193 
E2H2 0.400 0.00705 0.00116 0.00260t 0.00516} 
C2H2 0.322 0.00512 0.00142 0.00461 0.00636t 
Series I 
E611 0.329 0.00792 0.00732t 0.01250t 0.00175 
Céll 0.290 0.01233 0.00900f 0.01340f 0.00165 
E612 0.259. 0.00694 0.00150 0.00180 0.00130 
Céll 0.278 0.01279 0.00197 0.00608f 0.00181 
E311 0.835 0.00813 0.00815t 0.01244 0.00134 
C311 0.802§ 0.01104 0.01141 0.01560 0.00144 
E312 0.453§ 0.00832 0.00540 0.01457 0.01212t 
C312 0.567§ 0.00898 0.01156 0.01976 0.00303f 
E211 0 = 0.00673 0.01354¢ GoReis. 0.00189 
C211 1,225 0.00978 0.01501f 0.01814 0.00285} 
BH212 ee 0.00884 0.01141f¢ 0.01253f 0.00250f 
C212 0.815 0.00733 0.00877 0.01414¢ 0.01415} 


- With a few exceptions the values listed are extrapolated quantities. Deflections were measured at midspan, 
concrete strains at the center line of the bottom beam surface 2 in. from the center support, top steel strains 2 in. 
from the center support, bottom steel strains at the critical section in Shear Span 1, and web steel strains on the 
_ stirrups in Shear Span 3. - 

+In Shear Span 3. 2 

tYielding observed before failure load was reached. : 

§Deflections increased beyond value given while load was decreasing. 
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All beams with !4-point loading failed by shear compression in Shear 
Span 3. Final failure was either by concrete crushing adjacent to the center 
support or by concrete crushing adjacent to the loading block. In two cases 
yielding of the bottom longitudinal reinforeement was observed. 

In summary, the amount of web reinforcement used in Shear Span 3 was 
inadequate to prevent shear failures. The stirrups always yielded at loads 
lower than those required for yielding of longitudinal reinforcement. Usually 
the shear failure occurred before yielding of the longitudinal steel. Further- 
more, omission of web reinforcement in Shear Span 2 for beams with 4%-point 
and 1l4-point loadings was unwarranted. Also, it seemed that cutting off 
the longitudinal reinforcement tended to aggravate the critical situation 
introduced by the inadequate amount and spacing of web reinforcement. 


Series H 


All beams with hard grade longitudinal reinforcement failed by shear com- 
pression in Shear Span 3. Failures were sudden for beams with )-point 
loading and gradual for beams with 14-point and !4-point loadings. In beams 
in which a diagonal crack crossed a strain gage, substantial yielding of web 
reinforcement was detected. In the remaining beams strains in the stirrups 
were large at failure but below the yield point value. Nevertheless, in all 


beams failing in shear compression the main diagonal cracks widened notice-, 


ably before failure. It seems logical to assume then that there was some 
yielding of web reinforcement in every case. 


The failure of beams with 4é-point loading was actually a combination of 
crushing of concrete next to the center support and shearing off of one part 
of the beam with respect to the other, with heavy spalling of concrete expos- 
ing the stirrups completely as shown in Fig. 7 for beam C6H2. A comparison 
of the results seems to indicate that beyond a certain value any increase in 
the percentage of vertical web reinforcement adds little to the shear capacity 
of beams. ; 


Failure of beams with 14-point loading was by gradual crushing of con- 
crete next to the center support. In two beams strain measurements indi- 
cated yielding of longitudinal steel. 

Failure of beams with !4-point loading was accompanied by splitting of 
concrete along the top reinforcement with definite yielding of both bottom 
longitudinal steel and web reinforcement. Crushing of concrete next to the 
center support occurred in beams with extended top reinforcement. In beams 
with cutoff top steel, concrete adjacent to the loading block crushed at failure, 
with only slight signs of crushing occurring next to the center support. How- 
ever, it is believed that the failure of these beams was precipitated by split- 
ting of concrete along the top steel (E2H2 in Fig. 7). 


Series I 


Beams with intermediate grade longitudinal reinforcement and an amount 
of web reinforcement larger than that required by ACI 318-51 failed in flexure 


$ SHEAR STRENGTH OF CONTINUOUS BEAMS ides 


in all cases except two. Yielding of the bottom reinforcement always preceded 
yielding of the top reinforcement. In half the specimens yielding of web 
reinforcement was observed at failure or at loads close to failure. It is possible 
that deformations resulting from yielding of the longitudinal steel may 
; have precipitated yielding of the web reinforcement. This aspect merits 
further study. 

In some beams it was possible to observe that any increase in load after 
yielding of the longitudinal steel in the span was resisted by the center reaction 
alone, clearly indicating the formation of fully developed plastic hinges in 
both spans. 


“a Beams with 1-point loading failed either in flexure or in shear compres- 
sion. Beams failing in flexure had no apparent yielding of web reinforce- 
e ment. Final failure was by crushing of concrete next to the center support 


s (C611 in Fig. 7). Note that beams that failed in shear had a larger percentage 
of web reinforcement than the two beams failing in flexure. 

Failure of beams with 14-point loading was preceded by large deflections. 
Beams with extended reinforcement failed by crushing of the compression 
zone next to the center support, with concrete splitting along the top rein- 
forcement. Beams with cutoff steel failed by crushing of concrete in the 
outer face of Shear Span 2 (C38ll in Fig. 7). It appears that the absence 
of compression steel at the outside end of Shear Span 2 was a factor favoring 
failure at that point. 

Beams with 14-point loading failed after extensive yielding of longitudinal 
steel and web reinforcement. In beams with extended steel final failure 
was caused by concrete crushing on the outer face of Shear Span 3, accom- 
panied by splitting of the concrete along the top steel. In beams with cutoff 
reinforcement final failure was by crushing of concrete in Shear Span 1 adjacent 
to the load point (C2I2-in Fig. 7). 


E. 
a 
4 
3 
a 
e 
4 


4 
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ANALYSIS OF TEST RESULTS 


* 


Nominal shearing stress at diagonal tension cracking 

For all beams tested, the center reaction was always in reasonably good 
agreement with values computed by the elastic theory of structures. The 
nominal shearing stress at diagonal tension cracking load may be evaluated 


as 


8V. 


ae ee 


Ve 


The value V, in each shear span may be computed from the cracking loads 
listed in Table 6. ; ; aa 
The test values of 0- evaluated from Eq. (1) are listed in Table 8 as EG Ost: 
As the table indicates, diagonal tension cracks in Shear Spans 1 and 3 of 
3 _beams subjected to 1é-point loading formed at the highest values of nominal 
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shearing stress. Diagonal tension cracks in Shear Span 2 for all beams formed 
at the lowest values of nominal shearing stress. This is in agreement with 
earlier studies!® which have shown that the nominal shearing stress at first 
diagonal tension cracking is a function of the quantity 


(M/V). 
npd 


where (V/V), is the ratio of the moment to shear at the critical section of 
a diagonal tension crack. For the beams tested (17/V), is equal to a.; values 
of a, are listed in Table 8. It may be seen that a, is largest for Shear Spans 
2 and smallest for Shear Spans 1 and 3 with all types of loading. 


The calculated value for the nominal shearing stress was computed from 
the equation 


advanced by Bower"! as a modification of an equation formulated by Morrow 
and Viest.'!° The quantity (W/V). = a, is governed by the following 
relations!° : 


a. = Oford2a 


a.=a-—dforaz=d2 


mis 


Kq. (2) was developed from an investigation of simply supported reinforced 
concrete beams with one or two overhangs. It was found to yield values 
in good agreement with test values for this investigation, as may be seen 
in Table 8 and Fig. 12. Fig. 12 includes only those beams that had no web 
reinforcement in one or more spans. It should be noted that the best agree- 
ment between computed and test values occurs in Shear Spans 2 and 3. This 
seems reasonable, considering that Shear Spans 1 had a higher percentage 
of web reinforcement which prevented a faster spreading of the diagonal 
crack. Furthermore, the cracks in Shear Span 1 were detected only by 
visual observation. Shear Spans 3 had also a high percentage of web rein- 
forcement. However, readings of strain gages attached to the stirrups aided 
in determining the load at which the diagonal cracks started to develop. 
Diagonal cracks in Shear Spans 2 were detected by visual observations only. 
The percentage of web reinforcement in this span was either small or zero 
so that the diagonal crack could be readily observed. 


s 


— 


OW 


a ois 


ATL 


SHEAR STRENGTH OF CONTINUOUS BEAMS 
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TABLE 8—NOMINAL SHEARING STRESS AT DIAGONAL TENSION CRACK 


Shear Span 1 Shear Span 2 Shear Span 3 
ea ve test, | ve calc., vetest | ye test, | vecale., | ve test ve test, | vo cale., | ve test 
psi psi ve cale. psi psi ve calc. psi psi ve Cale. 
@)— 15.05n ac = 2.5in.Ja = 62.6 in. ac = 31.3 in.ja = 15.6 in Go = 3.0 in. 
E6N1 239 210 1.14 118 130 0.91 272 215 1.26 
E6N2 205 184 5 a A — —_— — 237 188 1.26 
E6N3 234 203 1.15 239 208 1.15 
Cé6N1 261 214 1.22 223 212 1.05 
C6N2 259 194 1.34 257 183 1.41 
C6N3 293 199 1.47 _— _— — 276 206 1.34 
E6A1 221 202 1.09 125 134 0.93 223 218 1.02 
E6A2 222 201 1.10 124 130 0.95 262 200 1.31 
C6Al1 360 208 iis) _— — — 230 204 1.13 
C6A2 297 203 1.46 141 131 1.08 267 212 1.26 
E6H1 272 207 1.31 — — — 291 218 1.34 
E6H2 257 229 Jer — —— — 209 221 0.95 
Cé6H1 210 208 1.01 — — — 248 213 1.16 
C6H2 224 221 1.01 = —_— — 291 215 1.35 
E611 253 220 12. — — — 265 223 1.19 
E612 295 208 1.42 270 213 1.27 
Céll 262 226 1.16 — —_— — 218 218 1.00 
Cé6l2 255 201 1.27 = —_ _- 220 200 1.10 
Average 1.24 Average 0.97 Average 1,18 
Shandued deviation 0.183 Standard deviation 0.132 
@e— pz.Oune ac = 16.0 in.|a = 40.5 in. ac = 20.3 in.|Ja = 23.5 in ac = 11.0 in 
150 161 0.93 —_ —_— —_— 203 198 1.03 
_ —_— 193 188 1.03 
— — — — — — 198 185 1.07 
— — — — — — 201 185 1.09 
229 156 1.47 —_ = — 189 191 0.99 
199 152 1.31 —_ _ _ 189 182 1.04 
249 158 1.58 136 149 0.91 199 183 1.09 
224 155 1.44 —- _ — 201 181 1.11 
173 157 1.10 185 203 0.91 
166 173 0.96 170 190 0.90 
148 158 0.94 148 175 0.85 
164 158 1.04 _ —_— — 148 175 0.85 
173 169 1.02 — —_— — 172 200 0.86 
176 166 1.06 — _ = 175 186 0.94 
157 163 0.96 = — —_ 174 200 0.87 
173 151 1.15 _— — _ 179 182 0.98 
|Average bas Averag 0.91 Average ae 0.98 
Standerd deviation 0.215 Standard deviation 0.000 (Standard deviation 0,091 
a = 49.0 in Qc = 24.5 in a = 25.8 in. Gc = 12:91 
im — = 193 201 0.96 
= ae, = 178 167 1.07 
ees =s == 152 175 0.87 
aes ps oer 180 185 0.97 
1m aS — 154 172 0.90 
ae = = 157 186 0.84 
on, Sarre |e | a 
84 133 1.38 55 i 
cn icte | ae | 
60 138 1.16 : 
181 141 1.28 150 171 0.88 
136 139 0.98 157 173 0.91 
158 139 1.14 155 177 0.88 
204 152 1.34 141 185 0.76 
172 149 1.15 148 182 0.82 
149 146 1.02 180 184 0.98 
172 155 1.12 158 194 0.82 
oe 133 0.90 160 166 0.96 
Averag: 1.15 f Average ve 0.91 
Standen deviation 0.147 Standard deviation 0.083 
ver-all average 19 |Over-all average 0.96  |Over-all average 1.02 
Overall meander Over-all standard Over-all standard 
deviation 192 deviation 0.064 deviation 0.163 


ah, 1S) ae es 
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TABLE 9—NOMINAL SHEARING STRESS AT FAILURE LOADS 


Vu, 


psi 
= r = 0,a/d = 1.25 
0.1 723* 0. 
0. 5651 0.212 
‘ 0. 626 0.193 
0. 698 0.209 
0. 520 0.211 
0.134 634 0.201 
r = 0.0092, a/d = 1.20 r =0,a/d = 5.01 r = 0.0133, a/d = 1.25 
E6Al 569 0.168 148* 0.044 873 0.245 
E6A1 510 0.159 131 0.041 776 0.260 
C6A1 598 0.172 155 0.045 913 0.295 
C6A2 581 0.183 149 0.047 890 0.263 
r = 0.0092, a/d = 1.20 r = 0.00039, a/d = 5.01 r = 0.0222, a/d = 1.25 
E6H1 787 ) 0.230 162 ) 0.047 1060 0.303 
C6H1 626 0.182 145 0.042 920 0.265 
r = 0.0092, a/d = 1.20 r = 0.00039, a/d = 5.01 r = 0.0167, a/d = 1.25 
E6H2 656 | 0.157 135 ) 0.032 935 0.255 
C6H2 661 0.172 140 0.036 956 0.280 
r = 0.0092, a/d = 1.20 r = 0.00039, a/d = 5.01 r = 0.0178, a/d = 1.25 
> ral 657 | 0.170 121 | 0.031 9 ) 0.256 
a? iC6li 664 0.165 126 0.031 0.256 
eT i r = 0.0092, a/d = 1.20 r = 0.00039, a/d = 5.0 r = 0.0222, a/d = 1.25 
E6I2 594 | 0.174 116 0. reve 864 0.261 
C612 625 0.202 122 0.039 864 0.292 
r = 0.0061, a/d = 2.56 r = 0,a/d = 5.29 eg tn ee 
E3N1 194 0.053 87 0.024 375 0.096 
E3N2 181 0.054 81 0.024 350 0.102 
C3N1 117 0.035 52 0.016 226 0.069 
C3N2 185 0.056 84 0.026 355 0.107 
r = 0.0061, a/d = 2.56 r = 0,a/d = 5.29 r = 0.0061, babel 
E3Al 308 0.094 149 0.045 611 0.167 ‘ 
E3A2 301 0.095 146 0.046 595 0.085 
C3A1 294 0.084 146 0.042 588 0.180 
C3A2 291 0.085 143 0.042 598 0.190 
r = 0.0061, a/d = 2.56 r= = 0.0017, a/d = 5.29 = 0.0111, a/d = 1, 
E3H1 0.116 +e 0.048 "73 Ke “18 
C3H1 355 0.103 132 0.038 622 0.212 
r = 0.0061, a/d = 2.56 r = 0.0017, a/d = 5.29 = 0.0089, a/d = 1. 
E3H2 3 ) 0.085 144 0.085 "618 * 0.168" 
C3H2 325 0.093 116 0.033 571 0.196 
r = 0.0061, a/d = 2.56 r = 0.0017, a/d = 5.29 = 0.0095, = 1.88. 
E3I1 32 : 0.079 133 v 0.032 "635 = 0.166 
C311 315 0.084 136 0.037 oie 0.159 
r = 0.0061, a/d = 2.56 Pr FpenOl?, a/d = 5.20 = 0.0 bg 
E312 33 | 0.090 139 ‘ 0.037 "624 tg ior 
C3I2 325 0,109 147 0.049 620 | 0: 199 
r = 0.0061, a/d = 3.92 = 0, = 
E2N1 0.023 "1968" as ae a 045 
E2N2 106 0.035 195 0.068 
E2N3 0.026 156 0.050 
C2N1 99 0.026 182 0.051 
C2N2 a pA 0. = 183 0.062 
r= a 0. = 0. =Q2. 

1 190 0.050 " 4B7 vac ap 0. in” 
E2A2 182 0.064 411 0.151 
B2A3 193 0.066 435 0.152 

2A1 153 0.047 338 0.102 
242 184 0.056 4l4 0.134 
: r = 0.0061, a/d = 3.92 3 ‘ eS 
 ‘B2H1 | 14 008! if ae eh Br 
C2H1 238 0.073 61 . 0.163 
r = 0.0061, a/d = 3.92 = os 
‘Rone Fe / be r = 0.0052, afd = 30 2.06 
(C2H2 228 0.052 tai | 013i 
r = 0.0061, a/d = 3.92 = = 
Ben. 208 14 0.088 Sek Dat Monee 
C2i1 242 0.058 Boot 5 °: 149 
r = 0.0061, a/d = 3.92 
‘Bare 218 i apa F 5 9 0087, a/d Pers 
fi C212 218 0.075 biol . ny ibe 
__ *The italicized values represent nominal shearing stresses ( (computed as vu = 8Vu/7bd) in the shear span i 
n which 
Gets upeaeree by wiser « Ralieed compression or b: indo tension. For modes oe locations of failure see Table 6. 


Shear PRnEToARe failure accompanied by splitting along reinforcement. 
§Bond failures 
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Fig. 12—Diagonal tension 
cracking 
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Nominal shearing stress at shear compression failure 


Nominal shearing stresses at failure were computed for all shear spans 
from the experimental failure loads and the center reaction values listed in 
Table 6 as 


ae 
~ 7bd 


Vu 


These values of v, are listed in Table 9. The values in italic type represent 
the stresses in those shear spans in which either shear or diagonal tension 
failures occurred. The italicized values vary from 131 to 1060 psi, and the 
corresponding values of v,/f-’ vary from 0.041 to 0.303. 


Moment at shear compression failure 


In recent studies of reinforced concrete beams failing in shear several 
investigators have postulated the hypothesis that a shear compression failure 
occurs when the moment at the critical section reaches a certain limiting 
value.?;78 If this assumption is correct, equations for the limiting shear 
moment capacity of prismatic beams presented in Reference 7 should be 
applicable also to continuous beams. 


Shear moment capacities of beams without web reinforcement in Shear 
Span 3 were computed from Hq. (3a) as given in Reference 7, 


M,' Nofs 
S10 fig | Ze — ee ee lech on ou Sodom uae uals man) shoged sac of 3 
bd? off 2 ey ( ) 
where 
Monin Conds 


te iil oe ie 
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Z=l ae: x q 
emt cake d 
ge aah: r 
f= eee a9 x 1048, ( 14/14) 
3 x + 0.55 Y NpE./kiksf-’ 
Vd te 


Shear moment capacities MV,’ for beams without web reinforcement, com- 
puted with ke = 0.42 and kyks = 1.121 — 4.85f.’ X 10-5, are compared in 
Table 10 with the test data for beams failing in shear compression. The 
average ratio of the test to calculated values is 1.02, with a standard deviation 


~ of 0.066. 


The shear moment capacities of beams with vertical stirrups in Shear Span 
3 were computed from Eq. (7) given in Reference 7, 


My = ASME 4 AyAg they OLE). 62 eh ox ee 


The constants A; and A2A; to be used in Eq. (4) were determined from a 
plot of the ratio of ultimate test moment M, (test) to calculated moment 
M,! against rf,, b(a”)?/M,’ as shown in Fig. 13. Fig. 13 also includes data 
obtained from the Moody and Viest’ investigation. 


TABLE 10—MOMENT AT SHEAR COMPRESSION FAILURE* 


Beams without stirrups Beams with stirrups 
Moment, Moment, 
in.-kips My! test in.-kips Me test 
M/s r ’ cale 
test calo ; jan Bs wae 
EG6N1 665 1.14 E 
E6N2 509 | 497 | 1.02 B2A2 FO 630 i ; + 
E6N3 580 1,03 E2A3 753 668 1.13 
C6N1 650 587 pe C2Al 578 679 0.85 
C6N2 478 472 1.01 C2A2 7 642 1.10 
C6N3 585 | 573 | 1.02 E2H1 720 | 784 | 0.92 
E2H2 658 0.90 
Average 1,06 CoH oO : aoe 
Standard deviation| 0.0 ik Pe at 
E3N1 | 543 583 0.9: Average 1.02 
N2 510 | 540 | 0.9 931 ? dard deviati Y 
C3N2 | 519 | 528 | 0:9 935 2 Rat che pa ea So a 
- 860 
815 
Average 0.95 715 
Over-all average | 1,02 erag. 
Over-all standard Average 3 ear sander’ wee 
deviation 0.066 |Standard deviation on 0.114 


*All moments pertain to the critical section at the edge of the center support bearing block, 
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o Beams from Reference 7 ( Moody et al.) 
ws Beams Tested in SeriesN and Series A 
4 Beams Tested in Series H and SeriesI 
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Fig. 13—Contribution of web reinforcement 


A" 


The data from Moody and Viest? can be approximated by two straight 
lines with the constants 


A, = 1.00 and A2A;3 = 0.38 
or 


Ay 1.38 and AoA, 0.08 


Data obtained from this investigation can be approximated by two straight 
lines with the constants 


1.00 and A,As = (0 Lays 


Ay 


FIN TT ERENT 


or 


A; 1.55 and A2A3 = 0.029 


Er ea 
= Tee wre 
ll 


The difference in the two results cannot be thoroughly explained at present. 
However, Fig. 14 indicates that Eq. (4) is mathematically inadequate to 
express the shear capacity of reinforced concrete beams in general. Expressing 
Eq. (4) as 

M,; . AcAs Phoy b(a”)? 


ir pega MM! 


the ratio M,/M,’ should approach a value of 1 as 7 approaches 0, regardless 
of the value of the distance a”. The data in Fig. 14 show that for beams 
reported by Moody and Viest? and beams of this invéstigation the curves do 
"aa ~ 


@ 
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not coverage to a single point but rather tend to follow a parallel pattern. This 
suggests that an important variable is being neglected or that the form of 
Eq. (4) is inadequate. This point merits further study. 


It is important to note that, although Eq. (4) may be mathematically 
incorrect, the equation has yielded computed values of shear capacity that 
agree fairly well with test values for an appreciable number of beams. 


The shear moment equations were compared in Reference 7 with the test 
data for simple beams obtained by Clark,? Moretto,'? Richart and Jensen, '*® 
and by Moody et al.,4 and with test data for restrained beams obtained by 
Moody et al.,5 and Elstner et al. Results of all of those tests were in good 
agreement with Eq. (3) and (4) of this investigation. The data obtained 
from this investigation show that essentially the same equations are ap- 
plicable equally well to continuous beams. Furthermore, Morrow and 
Viest!® have reported recently that the same equations yield safe ultimate 
strength values for simple beams with column stubs and for knee frames 
failing in shear. 


Flexural capacity of beams 


The flexural moment capacity of the positive moment sections has been 
designated as M* and the flexural capacity of the negative moment sections 


has been designated as M~. From a consideration of the statical equilibrium 


of internal and external forces the limiting load carrying flexural capacity 
of beams tested in this investigation may be computed as 


a= 47in. 0 -*--- 

a"s 30in. ame 

a= 24in, o&¥Y —— Moody 
a-\l3ine —-— 


Fig. 14—Effect of a” on the contribution of web reinforcement 
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for beams with !4-point loading, 


4(L +3 = 
jie to 2 5 & +See we | a od ee: (6) 


for beams with 14-point loading, and 


ties 4(L + 6e) ES on 6(L — e) ut | eS Mea ee: (7) 


L? — 2cL, — be? Loe ée 


for beams with 1é-point loading.* The quantity e is the distance from theo- 
retical point of application of a load or reaction, to the edge of the load 
distributing block. 


For the purpose of this paper, moment capacities M * and M~ were com- 
puted by the following expression obtained from Kq. (16) and (24) in Reference 


14: 
: = Ty oe An ee a, 
zs 2 fe ae : ae 
Mia Oda fe E (: ie i) = bd fi x 4 Bet gk dee ese aa (8) 


where 


les Asty = NS GIA! 
bdf,/ 


ky 0.42 €, = 0.004 


Pe 08 FOO 1OT 


ll 


Resulting values for maximum positive and negative moments and for 
the limiting load capacity of beams failing in flexures are listed in Table 11. 
Agreement between computed and test values. for the limiting load is very 
good. On the other hand, in most cases the test value for positive moment 
is larger than the computed value, while the test value for negative moment 
is smaller than the computed value. An explanation of the differences between 
computed and test values of positive moment may be found by an examination 
of strains in the bottom longitudinal reinforcement listed in Table 7. Note 


that in most beams failing in flexure the positive longitudinal reinforcement 


went into strain hardening before failure. Thus it appears reasonable that the 


hat moments M~— and M+ are developed at the edges of 


the load distributing blocks. The negative moment M — occurs at both edges of the block over the center support. ‘ 
The positive moment M + is developed in each span at the edge of block where the external moment is larger. 
For 14-point loading M + occurs at the outside edge of the loading block; for 14- and 1/s-point loadings it occurs 


_at the inside edge of the outside loading blocks. 


*Eq. (5), (6), and (7) are based on the assumption t 


~~ 
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TABLE 11—FLEXURAL CAPACITIES 


Maximum positive moment* | Maximum negative momentt Limit load 
Py; test 
My test, | My cale., My test | M; test, | My cale., My test_| p, test, | Py ealo,,.}) = sae 
to Fine ake M; cale. in.-kips | in.-kips | My, cale. kips kips Py cale. 
5 | 736 670 1.10 750 961 0.78 210 209 1.00 
eer 732 677 1.08 645 941 | 0.69 205 210 0.98 
E8A 645 623 1.04 925 998 0.93 120 118 1.02 
ae 645 645 1.00 925 1030 | 0.90 120 | 122 0.98 
E3l1 743 686 1.08 845 ; 922 | 0.92 126 123 1.02 
E3I2 729 659 pt 845 942 | 0.90 124 ; 120 1.03 
C3Il 706 704 1.00 955 ; 0.90 122 } 126 0.97 
C3I2 703 639 1,10 895 978 0.92 123 ; 119 1.03 
} 
E21 684 660 | 1.04 930 | 964 0.97 | 95 | 94 1.01 
E212 714 653 1.09 930 | 991 0.94 97 | 9% | 104 
C211 781 676 1.16 980 909 1.08 105 94 | 1.12 
C212 711 659 1.08 875 938 0.93 95 : 93 1.02 
Averag' 1.07 Average 0.91 Average 1.02 


e ‘ - 
Standard deviation 0.045 Standard deviation 0.091 Standard deviation 0.037 


*Positive moments pertain to critical section at the edge of outside loading block. 
+Negative moments pertain to critical section at the edge of center support bearing block. 


actual positive moment should be larger than the value computed on the 
basis of the yield point stress. 


The low ratios of test to calculated values for negative moment could have 
resulted from two causes. In the first place, the diagonal tension cracks in 
Shear Span 3 extended close to the bottom beam surface near the center 
support and thus the compression zone may have been weakened. Secondly, 
the compression zone next to the center support was subjected, in addition 
to bending, to particularly high shear stresses; thus the principal compressive 
stresses above the bottom beam surface could have been more critical than 
compressive stresses along the beam surface. That the combination of the 
weakening effect of diagonal cracks and the high principal stress may have 
caused the difference between test and calculated values of negative moments 
is suggested also by the relative magnitude of the ratios My test/M; cale.; 
these ratios are lowest for 4-point loading and largest for 44-point loading. 


The smaller-than-actual computed values for positive moment and the 
larger-than-actual computed values for negative moment apparently com- 
pensated so that computed limit loads were in good agreement with test data. 


Note, however, that for combination of conditions different from those in 


this study the compensation may not be equally favorable. It appears, 
therefore, that the effect of shear on the moment capacity of a cross section 
needs further study. 


Minimum amount of web reinforcement 


The question of the minimum amount of web reinforcement. needed to 
prevent shear failure was studied directly from test data and with the aid of 
Kq. (4) and (8). Data used for this purpose are summarized in Fig. 15 and 
in Table 12. Fig. 15 contains data for all specimens which failed in shear 
or in flexure, but the table contains only data for specimens with web rein- 


- 
- 
> 
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forcement and with intermediate TABLE 12—MINIMUM REQUIRED WEB 


grade longitudinal steel which failed REINFORCEMENT 
in shear or in flexure. i Mode of] Actual  |Caleulated r 

The test data shown in Fig. 15 cn pa eee ee, 
suggests that for specimens tested the €61 . ners a Hae 
following percentages of web rein- C6? s 2.22 2.41 0.92 
forcement were needed to prevent ate z wae Ae ee 
shear failures in beams with inter- (4,4, _ Ae mre oon 
mediate grade deformed bars: 0.65, 313 : oot a ee Oe 
0.8, and 1.75 percent for the }4-, %-, yeas ‘4 oe SE, nes 
and 1-point loadings, respectively. #342 B Gre ante ra 
Each of these percentages is higher #3 F 1.11 2.42 0.46 
than those required for the particular €34} : pee ae a6 
designs both by the 1951 and the 1956 3h E He a ee 
ACI Codes. However, the percent- jo,, A hee oat Ae 
ages required by the 1956 Code for 3342 : ee ae ole 
the 14- and 144-point loading are only #3h x a yee Cae 
slightly smaller than the minimum 

+*§—Shear failure 


values determined from these tests. | —Flexural failure 


ek od een Eaves 
| Malet ct = i e---Shear Failure 
2 o—Flexural Failure 


e—--Shear Failure ae 
o— Flexural Failure 
. Ed 
a= 
+4 
(a 
am anne SeeeC eee 
pie Shear Failure le——- Shear Failure 
oa es Flexural Failure lo—— Flexural Failure 
iP 
a ie Pere ta 
e--- Shear Failure 
o— Flexural Failure 
. ) \ 2 l 2 0) | 2 3 
r, per cent r, per cent r, per cent 


Fas Fig. 15—Effect of percentage of stirrups on modes of failure 
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Note in Fig. 15 that for beams with cutoff negative reinforcement a certain 
limiting percentage of web reinforcement was reached for each type of load- 
ing, beyond which any increase in the percentage of web reinforcement 
appeared to be ineffective. No limiting value was noted in beams with extended 
negative steel. 


The theoretical minimum amount of web reinforcement needed to prevent 
shear failure may be computed by equating the right hand sides of Eq. (4) 
and (8). Results of such computations are listed in Table 12 as rnin. It 
will be noted that specimens failing in shear had in all instances less web 
reinforcement r than this theoretical minimum amount. © The ratio r/fmin 
for specimens failing in flexure varied between 0.21 and 0.84. 


Eq. (4) consist of two terms: one considering the combined contribution 
of the compressive zone of concrete and the longitudinal reinforcement to 


- shear strength of the beam, and the other estimating the contribution of web 


reinforcement alone. The comparison in Table 10 shows that Eq. (4) esti- 
mates reasonably well the over-all shear strength of the type of beam tested. 
It appears, therefore, that the equation overestimates the contribution of the 
beam itself and underestimates the contribution of the web reinforcement. 


It must be concluded, therefore, that Eq. (4) is not suitable for determi- 


nation of the minimum required amount of web reinforcement. Further 


studies of this problem are needed. 


Bond stresses at failure 

Specimens E2N1, E2N2, E2N3, C2N1, and C2N2 failed by splitting bond 
failures at loads in excess of diagonal tension cracking loads. _ Furthermore, 
test observations indicate the possibility of bond failures in Beams C3N1 
and C3N2. The failures in Beams E2N1, E2N2, E2N3, C2N1, and C2N2 
occurred in the top reinforcement in Shear Span 3 at nominal bond stresses 
ranging from 108 to 310 psi. This underlines the danger of splitting bond 
failures in beams without web reinforcement after the formation of diagonal 
tension cracks. 


Failure of Beams E2H1, E2H2, C2H1, and C2H2 was accompanied by 
splitting of concrete adjacent to top longitudinal reinforcement. 


SUMMARY AND CONCLUSIONS 
Outline of investigation 


The object of this investigation was primarily to study the effect of con- 
tinuity on the shear behavior of reinforced concrete beams. It was also 
considered desirable to determine the contribution of web reinforcement to 
the shear strength of continuous beams, and to try to establish the minimum 
amount of web reinforcement required to insure flexural failures. 


Tests were performed on 52 rectangular two-span continuous reinforced 
concrete beams, using three different arrangements of concentrated loads. 


J 


POPE AL TENS Aes ee be. 


then that close spacing of stirrups as require 
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Positive moment reinforcement for all beams was provided in the amount 
required by ACI 318-51 for a balanced design; the negative moment rein- 


‘forcement percentage was larger than that required by the ACI balanced 


design. In 25 beams the top reinforcement was cut off as permitted by ACI 
218-51 while in 27 beams it was extended 20 bar diameters beyond the section 
of the maximum positive moment. 


In the end shear spans of all beams more web reinforcement was provided 
than required by ACI 318-51. This web reinforcement proved sufficient to 
prevent shear failures in those spans. In all beams of Series A web reinforce- 
ment in Shear Spans 2 and 3 was provided in the amounts required by ACI 
318-51; in beams of Series N no web reinforcement other than that in the 
end shear spans was provided. In beams of Series H the amount of web 
reinforcement in Shear Spans 2 and 3 was larger than that required by ACI 
318-51, but still permitted shear compression failures. The beams of Series 
I were provided with enough web reinforcement to force the beams to fail 
in flexure before a shear failure could occur. All web reinforcement consisted 
of vertical stirrups. 


Behavior of test beams 

Four modes of failure were observed in these tests: diagonal tension, 
flexural, shear compression, and splitting failures. 

Four beams failed by diagonal tension in locations at which ACI 318-51 
required no web reinforcement, thus pointing out that the shear provisions 
for beams without web reinforcement were inadequate in these cases. In 
two beams without web reinforcement in the span adjacent to the center 
support, giving the lowest v./f’ ratios encountered in these tests, diagonal 
tension cracks were observed to form at nominal shearing stresses of 193 
psi and 152 psi for concrete strengths of 4390 psi and 3120 psi, respectively, 
corresponding to shearing stresses of 0.044 f.’ and 0.049 f.’. The first of these 
two beams failed at a nominal shearing stress of 196 psi corresponding to 
0.045: fi.’ . 

Twelve beams reached their full flexural capacity. Two of these had top 
longitudinal steel extended beyond the permissible cutoff points and had 
ACI 318-51 web reinforcement adjacent to the center support. All others 
had a larger amount of web reinforcement than required by ACI 318-51. 


Thirty beams failed by shear compression in the shear span adjacent to the 
center support. Two of the beams with ACI web reinforcement failed in 
shear at the section adjacent to the load point. Both beams had the stirrups 


_ spaced at 10 in. instead of the maximum 614 in. permitted by the ACI 318-51; 


in both cases the top reinforcement was cut off according to ACI 318-51. 
The corresponding beams with extended top steel failed at. the section adja- 


cent to the center support after yielding of web reinforcement. It appears: 
d by the ACI Code is important, 


Se en 
= %* Se 
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especially if the top reinforcement is cut off according to the Code. The 
shear compression failure of four beams with web reinforcement was ac- 
companied by splitting of the concrete along the top steel. 


Conclusions 


The following conclusions may be drawn from the results of the investi- 
gation of two-span continuous reinforced concrete beams. 

1. Four modes of failure were observed in these tests: diagonal tension, 
flexural, shear compression, and splitting failures. Ultimate loads of beams 
that failed by the first three modes were in reasonable agreement with the 
strength analyses used for simple and restrained beams. 

2. The analysis for diagonal tension cracking loads is based on the hy- 
pothesis that diagonal tension cracking results from excessive principal ten- 
sile stresses in regions already containing tension cracks. The equation for 
diagonal tension cracking loads used in analysis of these tests was developed 
from the study of simple beams with overhangs. Results of this investigation 
indicate that the analysis is applicable also to continuous beams. 

3. Tests show that beams may fail simultaneously with the formation of 
a diagonal tension crack in a region in which no web reinforcement is pro- 
vided. It appears then that the diagonal tension cracking load should be 
considered as the ultimate capacity for shear spans without web reinforce-’ 
ment. Table 6 indicates, however, that the shear span length influences the 
load capacity of the beam after formation of the diagonal tension crack. 
Formation of the initial diagonal tension crack has a less critical effect on load 


capacity of the shorter shear spans. 


4. The calculated values for shear compression strength of continuous 
beams are in good agreement with test results. The analysis for shear com- 
pression strength is based on the hypothesis of a limiting shear moment 
capacity. It was developed from theoretical considerations in connection 
with tests of simple and restrained beams, and is known to yield safe values 
for stub beams and knee frames also. 


5. The maximum flexural moment capacity of sections at which yielding 
of longitudinal steel was observed was in good agreement with the calculated 
values. The flexural moment capacity was analyzed with the aid of analytical 
expressions based on Bernoulli’s hypothesis, and on properties of the stress 


_ block determined from tests of simple beams both with and without com- 


pressive reinforcement. 


6. With the aid of equations for shear compression strength and for 
flexural moment capacity of reinforced concrete beams it was possible 
to predict satisfactorily the type of failure for beams with web reinforcement. 
Results for beams with cutoff negative steel seem to corroborate the findings 
reported in a previous investigation!® that beyond a certain value an increase 


in the percentage of vertical stirrups does not increase the shear capacity of 
beams. 


Ae 
~ 
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7. Values of the center reaction for all tests were in reasonable agree- 
ment with values computed from the elastic theory of structures. However, 
it is important to note that a small variation in the center reaction could 
affect the moment at critical sections appreciably. 

8. This investigation showed that the manner of diagonal crack formation 
and the modes of failure of two-span continuous beams failing due to shear 
are similar to those observed in tests of simple beams and of simply sup- 
ported restrained beams. However, continuity has a marked effect on re- 
distribution of stresses in the beams. If yielding of longitudinal steel occurs 
at a section in a simple beam, failure has been almost reached. In a continuous 
beam longitudinal steel at a section may yield, but the beam can still carry 
additional loads. 

9. Series A of this investigation indicates that the amount of web rein- 
forcement required by ACI 318-51 was insufficient to prevent shear failure 
in the beams tested. Furthermore, several beams failed in diagonal tension 
in regions where no web reinforcement was required by ACI 318-51. Require- 
ments for web reinforcement were changed in ACI 318-56. However, results 
of Series I indicate that these new requirements are still insufficient to prevent 
shear failures in beams of the type investigated. 

10. Theoretically it appears possible to establish the minimum amount 
of web reinforcement required to insure a flexural failure by equating the 
flexural capacity formula to the shear capacity formula used in this investi- 
gation. However the results obtained by this procedure give values of r 
that are far too conservative. Therefore it is believed that additional studies 
are required to improve available mathematical expressions. 

11. In beams tested in this investigation, cutting off negative longitudinal 
reinforcement as permitted by ACI 318-51 aggravated the critical situation 
brought on by an inadequate amount and spacing of web reinforcement. 

12. Results of beams tested show that is is possible to obtain a shear 
failure in a beam even after yielding of the longitudinal reinforcement has 
occurred at a particular section. 
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APPENDIX 


After completion of the principal test program, four additional beams with increased con- 
crete cover were tested. The purpose was to determine if a substantial increase in cover 
would prevent concrete splitting along the top longitudinal reinforcement which occurred 
in beams with 14-point loading tested in the main investigation. The fabrication of speci- 
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TABLE A-I—OUTLINE AND PROPERTIES OF BEAMS IN SUPPLEMENTARY TESTS* 


; Web reinforeemen « Yield point of reinforcement, psi erasing 
eam in Shear Span 3 Grade of er es 
desig- longitu Gin ‘al Longitudinal Web, psi 
nation Size and reinforcement Shear Span Batch Batch 
spacing Percent Bottom Top 3 1 and 2 3 and 4 
B2N1 — 0 Intermediate 47,200 45,200 4000 3400 
B2Al1 *¥3 @10 in. 0.27 Intermediate 49,000 50,700 51,200 3500 3100 
B2H1 x¥3@ 44% in. 0.59 Hard grade 64,700 62,500 47,600 3300 3300 
B2H2 *3 @7in. 0.38 Hard grade 65,300 63,000 47,900 8800 -- 3600 


*All beams were 814 x 151% in. in cross section and continuous over two 8.5-ft spans. Bottom reinforcement 
consisted of two #7 bars, the top reinforcement of two *9 bars, and the web reinforcement of #3 bar vertical 
stirrups. Effective depth of reinforcement was 13 in. for bottom steel and 12.5 in. for top steel. 


mens, instrumentation, and test procedure for these tests were the same as explained in the 
main text of this report. Over-all length and size of longitudinal bars remained the same 
as in previous beams. The cross section was made 814 x 15% in., with a top and side cover 
of 2 in., and a bottom cover of 114 in. Clear distance between the top bars was 2 in. This 
change in cross section changed the percentage of longitudinal reinforcement from 2.67 to 
1.96 percent for top steel, and from 1.60 to 1.09 percent for bottom steel. All beams had 
extended top longitudinal reinforcement. Size and spacing of stirrups was kept the same as 
for the beams in which splitting occurred. This means that the percentages of web reinforce- 
ment were decreased to values indicated in Table A-1. All beams were tested with one con- 
centrated load applied in the middle of each span. 

Beam B2N1, corresponding to Beam E2N1 in the main investigation, had no web rein- 
forcement in Shear Span 3. Beam B2A1 was provided with the same size and spacing of 
stirrups as its corresponding beam, E2A1. Beams B2H1 and B2H2 had the same size and 
spacing of web reinforcement as Beams E2H1 and E2H2, respectively, and were provided 
also with hard grade longitudinal steel. All four beams behaved up to failure in a manner 
similar to that observed for the corresponding beams without additional cover. 

All four beams failed by an extension of the main diagonal tension erack in Shear Span 3 
along the top reinforcement, which caused clear splitting of the concrete. In most cases 
concrete in the compression zone next to the center support showed signs of crushing at 
failure. 

For all four beams failure load could be estimated with good accuracy with the aid of Hq. 
(3) and (4) as shown in Table A‘2. It should be noted, however, that the value of M~ test 
is always lower than the value of M>- calc. It seems possible that the presence of concrete 
splitting prevented development of the full shear moment capacity of the cross section. 
Nevertheless for these beams the reduction in load capacity was only slight. 

It is concluded then that increased concrete cover did not change the basic mode of failure 


of these beams. 


TABLE A-2—LOAD AND MOMENT AT FAILURE, SUPPLEMENTARY TESTS 


ore ate - Moment, in.-kips ee 
; Diagonal enter ates 
Beam tension Load P, : antes Ms, calc. 
cracking! oad, kips Location* | Modet ips M; test Ms cale. 
kips 
45 64 peak S-B 43.0 518 550 0.94 
BOA 1 46 88 3-B s 60.4 776 869 0.90 
B2H1 50 125- 3-T S-B 82.8 950 988 0.96 
B2H2 50 118 3-T S-B 76.0 790. 972 .81 


43-7: Top of Shear Span 3 adjacent to load bearing block. : 
3-B: Bottom of Shear Span 3 adjacent to center support bearing block. 


S = shear compression, B = Spa bond failure. 
e Waive computed by elastic theory. All other values were measured. 
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It is believed that the test data for the center reaction for Beam B2A1 are in error, which 
results in low values of M test for negative moment. If the center reaction is computed by _ 
the elastic theory of structures, the resulting value of M test for negative moment is in good 
agreement with the computed. 
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Discussion of this paper should reach ACI headquarters in triplicate 
by July 1, 1959, for publication in the Part 2, December 1959 JouRNAL. 


A cursory description of the slip-form construction process—its ad- 
vantages and limitations. Suggests practical considerations for good 
results: how to maintain a uniform supply of concrete and a uniform 
rate of placement; how to keep the construction deck level and walls in 
vertical alignment; techniques of placing the concrete; and problems of 
detailing and placing the steel. Surface finishes are also covered, and 


precautions for winter concreting indicated. 


By J. F. CAMELLERIE 


W For MANY years sliding-form construction has been closely associated 
with storage bins and silos. In this field “slip forms” have proved invalu- 
able tools of construction, cutting cost and construction time, and at the 
same time enabling the work to proceed with maximum safety to the men. 
In recent years, however, aided by the perfection of fully automatic jacks 
and under the pressure of lively competition in the construction field, slip 
forms have been applied successfully to many other types of structures. We 
find bridge piers, apartment houses, water tanks, dam structures, and church 
steeples all being ‘‘slid.” There is every indication that contractors and 
engineers will find successful application for sliding forms in the construction 
of many other types of structures. 

In view of this, the author feels that a quick review of the nature, capabili- 


limitations and techniques of this method may be of value now. To 


ties, 
paper offers nothing 


those engineers already acquainted with slip form, this 
~ original, but perhaps it will stimulate some lively discussion. Information 
given here is mainly for those engineers who have only a nodding acquaint- 
ance with sliding-form construction and who are interested in seeing if it is 


a 
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applicable to projects they now have under consideration and, if it is applic- 
able, how they can best apply it. 

No discussion is included here on static or dynamic pressures of fluids or 
granular materials. Many papers have already been written on this subject 
and work is in progress which will give us additional knowledge based on re- 
search. Nor will any other design considerations be discussed, since slip- 
form work does not in any way alter the design procedures and concepts in 
general use. 


NATURE OF SLIP-FORM CONSTRUCTION 


Slip-form construction can best be likened to an extrusion process. Plastic 
concrete is put into the top of the forms and the forms, acting as dies, shape 
this concrete so that it comes out of the bottom of the form hard enough to 
carry its own weight. The forms are 31% to 4 ft high and are so constructed 


as to give the building its “‘plan’’ shape. Instead of concrete being pushed 


through the die, the forms are pushed upward to receive new concrete at the 
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Fig. 1—Typical slip form deck 
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SLIP-FORM DETAILS AND TECHNIQUES 


top. Locomotion is accomplished by 
jacks riding on 1-in. smooth steel rods 
embedded in the hardened concrete 
below (Fig. 1). These jacks may be 
manual, pneumatic, electric, or hy- 
draulic and are capable of speeds up to 
20 in. per hr. Normally, jacks of 3- 
ton capacity are adequate but much 
higher capacities are available as re- 
quired. Working decks and finishers’ 
scaffolds are attached to and carried 
up with the forms (see Fig. 1). The 
raising and filling of the forms is 
usually a continuous process carried 
on 24 hr a day until the structure has 
reached the top. Using sliding forms, 
walls and piers may be cast at a rate of 
12 to 24 ft per day, depending on job 


As vice-president and chief engineer 
of Plummer Associates, New York, 
J. F. CAMELLERIE meets many en- 
gineers, architects, and contractors 
vitally interested in slip-form con- 
struction, but lacking practical, 
“down-to-earth” and “up-to-date” 
facts on its general applications. 
With this in mind, he has drawn 


from his own experiences and those 
of his colleagues to prepare this 


paper. An ACI member who serves 
on Committee 714, Concrete Bins 
and Silos, Mr. Camellerie has been 
active for more than a decade in the 
design and construction of structures 
using the slip-form method. 
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requirements and conditions. Although continuous slides are desirable, the 
sliding operation may be stopped and later resumed with the resulting joints 
no different from those between lifts of fixed-form construction. 


Projections beyond face of forms 


Since slip-form construction is an extrusion type of process, no projec- 
tions beyond the face of the forms may be allowed as any such projection 
will foul the moving forms. If such projections are required, they may be 
added after the slide in one of several ways. For example, for a concrete 
bracket, pockets may be left in the wall with dowels bent in so as not to 
project beyond the face of the wall (Fig. 2). After the slide is completed, 
the dowels are bent out and lapped or welded to the bracket steel; the bracket 
is then cast in place. If a steel bracket is to be used, anchored weld plates 
are cast into the wall during the slide with the face of the plate flush with 
the face of the wall. The steel brackets may later be welded to these plates. 
Horizontal anchor bolts may not be allowed to project beyond the face of 
the walls. Weld plates, inserts, slots, or cinch anchors may be substituted. 
Unless inserts are rigidly attached to a nonmoving object, a steel wall collar or 
forming for a wall opening, their use is not recommended because of the 
difficulty of holding them in proper position as the forms slide by. 


Wall openings, architectural features 
Although projections beyond the wall faces are not feasible during the 


actual slide, a great deal of versatility is possible within the confines of the 


forms (Fig. 2). Entire sections of wall may be blocked out and resumed as 
required using stationary or moving bulkheads that fit between the forms. 


By the use of these bulkheads, walls may be stepped down, pilasters may be 
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picked up or dropped, and beams and columns may be cast without difficulty. 
Windows and door frames may be cast right into the walls as the slide pro- 
ceeds, and normally no difficulties are encountered in placing piping or elec- 
trical conduits in the walls or columns. Pockets to take beams, keys with 
dowels, and anchor slots for masonry attachment are also placed during the 
slide. 


Savings of as much as 25 percent have been attributed to the use of sliding 
forms. Naturally, the placing of welding plates, inserts, openings and pockets, 
changes in wall locations and sizes, and other complications of this sort do 
reduce the speed of the slide which, in turn, proportionately reduces the 
savings inherent in this method. Lack of height is another factor which 
may reduce the economy of slip-form construction. Structures less than 40 
ft high do not usually lend themselves to the economical use of sliding forms. 


Walls can be stepped but not tapered. Horizontal grooves should be 
avoided as the strips required to make these grooves are difficult to hold in 
place and keep level. Vertical grooves, fluting, and any other architectural 
feature of a vertical nature offer no difficulty. Horizontal architectural 
features within the first 4 ft and, of course, at the top of the slide are entirely 
feasible. There is no reason why slip-formed structures cannot be constructed 
with the above considerations in mind while preserving the aesthetic beauty 
of the structure. 


Horizontal structural members 


Floors, roofs, hoppers, landings, ete., are placed after the slide is com- 
pleted, using the usual fixed-form methods. There are, however, certain 


BOTTOM OF 
SLIP FORM JACK RODS BRACED 


BY BOLTING TO POSTS 


BEND OUT STEEL 
AFTER SLIDE 


Fig. 2—Typical forming details allow for openings, beam pockets, concrete brackets, etc. 
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advantages and possibilities which should be considered. The working deck 
can usually be used to place the roof, thus saving the formwork and shoring 
usually required and facilitating work on the floors below by closing in the 
building to the weather. Often beams and columns can be cast with the 
slide, and a concrete slab is placed later on these beams with the formwork 
supported by the beams. This is also a good spot for precast slabs. 


ESSENTIAL CONSTRUCTION PRACTICES 


Planning, equipment, and supervision 


Since the economic success of the slide operation depends primarily on 


attaining the highest possible rate of slide consistent with good construction 
practice, careful planning and supervision are necessary to minimize delays. 
Some items which materially affect the rate of slide and which should be 


carefully planned before the work is begun are the following: 


1. An adequate supply of concrete to maintain an average rate of slide of 12 in. per 
hr. This requires an all-weather road and a reliable source of concrete or an adequate 
batch plant with sufficient materials stockpiled. Hoist tower, crane, Archer hoist, 
Chicago boom, or other means of vertical transport of concrete must also be of sufficient 


capacity. 

2. A crew of concrete laborers, finishers, iron workers, carpenters, and electricians 
sufficient to maintain the rate of slide. Care should be taken that crew is not so large 
as to congest the working deck and thus decrease efficiency. 

3. Competent supervisors having adequate experience with sliding forms are a must. 

4. A good concrete mix and careful control to maintain proper slump in the face 


of changing temperatures and conditions. 
te hoisting facilities for reinforcing steel, formwork, iron work, etc. 


5. Adequa 
e event of a breakdown. 


6. Standby hoist, pumps, buckets, trucks, etc., for use in th 
7, Formwork and iron work prepared for placing in the forms before the slide is 
started. 


8. Forms designe 
be expected at the maximum rate of slide and a 


ered. 

Although the maximum rate of slide must be carefully predicted and 
planned for, the actual rate must be controlled by an experienced field super- 
intendent who is qualified to make such adjustments as changing field con- 
ditions inevitably require. The superintendent must see that the slide opera- 
tion is not proceeding so fast as to cause “blowouts” or soft concrete falling 
out from under the forms, nor so slow as to cause “‘lifts’” or concrete stick- 
ing to forms and ripping away from the concrete below. 
rms and deck 
this type of construction 
The following methods are 


d to sustain stresses resulting from the liquid head of concrete to 
t the temperatures that will be encount- 


Maintaining horizontal and vertical alignment of fo 
Another important consideration peculiar to 

is maintaining the deck level during the slide. 

recommended to check level. 


‘1. Check position of jacks against hacksaw cuts previously made in jack rods at 


1-ft intervals. 
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2. Use of a water-level system which consists of a central reservoir and plastic 
tubes placed at strategic locations and connected to the reservoir by hose. 


3. Check by transit on deck. This can only be done while deck is stationary and 
because of this the use of transit is limited. Such a check can and should be made at the 
end of the slide for final leveling. 


4. Vertical tape measures from fixed points. This method is again only usable while 
the forms are stationary but, less time is required if not too many points are checked. 


Corrections may be made by operation of individual jacks or by keeping 
certain jacks stationary while the others are rising. This same method can 
be used to a limited extent in correcting discrepancies in plumbness. Correc- 
tion for plumbness is difficult and can be made only under the supervision 
of a man highly experienced in slip-form work. The forms must be set up 
plumb and true and properly braced. The forms must be evenly filled when 
the slide is first started and during the slide. The deck must be kept level 
throughout the slide. If these three things are done, there will be no chance 
of the structure going out of plumb. A tolerance of 1 in. per 50 ft of height 
should be allowed. 


The walls or piers should be periodically checked for plumbness as the 
work progresses. The following are some of the methods used: 


1, Targets painted on at least three sides of the structure in sets of two. Each set 
consists of one target painted on the moving form and one target vertically below 
painted on the base of the wall. Periodic sights are taken to insure the line connecting 
the two targets remains vertical. 


2. Plumb bobs dropped from several predetermined points on the deck to points 
previously marked on the base slab. 


3. Check measurements between center lines, diagonals, ete. 


PLACING CONCRETE 


The sliding-form method requires no special types or mixes of concrete 
and placing of the concrete is governed by the same principles that govern 
the placing of concrete in fixed forms. However, there are some considera- 
tions involved which are peculiar to sliding-form work. 


Concrete is placed in horizontal layers of from 6 to 10 in. in thickness, 


Sa 


fo a ly ye 


ee 


— ee. 


the 6-in. layers being the most desirable. The slump should be between — 


3 and 6 in. depending on temperature, wall thickness, reinforcing conges- 
tion, and anticipated rate of slide. Care must be taken to spade concrete 
thoroughly. Mechanical vibrators of the immersion type may be used but 
generally hand spading is preferable as great care must be taken that the 
vibratorzis not forced into conerete that has already had some set. Note 
too that forms must be specially designed to take the additional pressure 
that results from mechanical vibration, and that the relatively higher slump 
increases the danger of separation. Control of concrete slump should be 
placed in the hands of the field engineer or superintendent who should, in 
turn, vary the slump without change to the water-cement ratio. Aggregate 
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size should be limited to 34 in. for walls less than 8 in. thick and 1 in. for 
walls 8-12 in. thick. Walls less than 6 in. thick are not recommended because 


of difficulty in spading. 


Not more than 1 hr should elapse between the placing of successive layers 
of concrete; this will insure proper bonding between layers and prevent 
spading of partially set concrete. If delays occur, concrete should be placed 
in layers less than 6 in. thick rather than allow the time between placing 
successive layers to exceed 1 hr. Set may be retarded by substituting crushed 
ice for water or accelerated by heating the water. 

Decks must be kept broom clean at all times and concrete must not be 
allowed to accumulate around forms. Any concrete or debris that does 
accumulate on the deck should be swept away from the forms and removed 
from the deck. 


DETAILING AND PLACING OF REINFORCING STEEL 


The detailing and placing of reinforcing steel varies from standard prac- 
tice only in the following respects. Vertical bars are limited in length to 
avoid excessive lash from the wind. The following limitations in length of 
vertical bars are suggested: 


Y-in. bars 14 ft 
54-in. bars 17 ft 
34-in. bars 20 ft 
%-in. bars 22 ft 

1-in. bars 25 ft 


Verticals over 20 ft long should not be used unless a second deck is planned 
over the main deck for use by the reinforcing crew, since bars weighing more 
than 35 lb are hard to handle from the bottom end. 

Horizontal bars should also be limited in length to enable the steel to be 
threaded through the vertical steel and the form yokes. Lengths should 
generally be limited to 18 or 20 ft, and when hooks are required 10 ft is a 
better figure. The use of 90-deg hooks instead of standard hooks consider- 
ably facilitates placing. In circular bins, the laps in the hoop steel should 
be staggered, while in straight walls subject to moments, splices are made 
at the points of inflection. It is good practice to make horizontal bars 6 in. 
longer than is required by ACT 318-56 to insure against accidental inaccuracy 
in placing. 

During construction vertical steel must be held in place by appropriate 
templates and care should be taken that required cover is maintained. When- 
ever tying of the vertical steel in baskets is possible, as in the case of columns, 
‘the first run of such steel should be so tied. Such baskets resting on the 
base slab may be as much as 35 ft high. Positive measures must be taken 
to keep these baskets positively plumb during the slide.. Note that this — 
basket arrangement requires that the jack yokes be so placed as not to foul 


the tie steel. Verticals must be omitted where runways for concrete buggies 
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are required. The runway must be at least 3 ft 6in. wide, but 4 ft is preferable. 
If the engineer feels it necessary, additional vertical bars may be grouped 
around the runway to make up for bars omitted. = 


Some methods used to insure proper placing of horizontal steel are as 
follows: 


1. Saw cuts in vertical steel indicating the horizontal spacing. 

2. After a layer is placed a few of the bars of the next layer may be tied in place 
(where the yokes allow) as guides for the next layer. 

3. Concrete may be placed in layers equal to the spacing of the horizontal steel. 
The steel is then placed as soon as each layer of concrete is in place. The next layer of 
concrete may not be placed until the reinforcing is in place. 

4. To facilitate placing and inspection, horizontal steel should be designed in full 
layers and different spacing of horizontal steel at any one level should be avoided. 

5. Use of double-headed nails or other markers nailed into the splash board or deck 
to indicate end of rods, thus saving measuring for each course. This, of course, cannot 
be done in deck areas subject to traffic. 


In detailing vertical reinforcing steel, especially the larger size bars, splices 
should be staggered at various levels so as to equalize the burden on the iron 
worker crews. Whenever possible, horizontal steel should be spaced at 6-18 
in. on centers with the spacings nearer 12 in. being the most desirable. Bars 
34 in. in diameter and smaller are generally preferable to larger sizes. 


CURING AND FINISHING “SLID” SURFACES 


Finishing provides no problems in sliding-form construction. The con- 
crete coming out from under the sliding form is in excellent condition for a 
float and brush finish. The finishers work comfortably from the hanging 
scaffold (Fig. 1). This, together with the absence of joints, results in a finish 
that is durable when exposed to the weather. 


One curing method is the use of membrane-type curing compounds applied 
directly from the finishers’ scaffold. Another method is water curing using 
water lines hung from the forms. If water curing is used, fog spray is rec- 
ommended to prevent erosion or discoloration. 


WINTER CONCRETING 


Slip-form operations can be, and often are, conducted at temperatures 


below 40 F. To insure a high quality concrete, the following special provi- 
sions are suggested: 


1, Use of Type III air-entraining cement. 
2. Heating of concrete to 70 F in the forms. 


3. Use of protective enclosure capable of maintaining air around green concrete at 
70 F for 24 hr. 


4, Use of reinforcing steel that is free of ice. 


These provisions are only one possibility among many. It is possible to use 
Type I or Type II cement or to keep the air at only 50 F, but this would 
require a minimum curing period of 3 to 5 days. If the slide is limited to 


"2. 7" es y . = 
Be) ¥ ro a alsin) 7 


a4 Dette ed 
in dala hy 


ere ee TN 


*‘ 


q 


AS ee ae 


- doubtful that a 36-ft enclosure can be 


enclosure of rigid panels (plywood, ma 


iN ~ ve — 
ee ee MONT Ee URE eR 


SLIP-FORM DETAILS AND TECHNIQUES 1139. 


6 in. per hr, a 3-day curing period is 
equivalent to 36 ft of slide. It is 


hung from the sliding forms without 
serious jeopardy to the forms and cer- = W—= 
tainly there will be a tendency to pull 
the forms out of plumb. The other 
alternative is to build an enclosure on 
the ground and to build it up higher 
as the slide progresses. For high 
structures this method is quite ex- 
pensive. 

On the other hand, if the protection STEAM 
time is kept down to 24 hr, the height 
of the enclosure need be only 12 ft. 

This much can be hung from the slid- 

ing forms with safety and can follow 

the forms to the top of the slide with- 

out requiring carpenters to work in 

the open at great heights to erect the 

enclosure. This safety feature and the 

economy of construction and con- 

venience in operation, justify the use ,. A F : 
: ns Fig. 3—Rigid enclosure for winter slip 

of 24-hr curing and the provisions er er, 

suggested above. 

The most common enclosure used on slip-form work consists of tarpaulins 
hung from the deck hand rails down over the finishers’ scaffolds. This method 
has been satisfactory on many jobs. Nevertheless, the author favors an 

sonite, insulation board, etc.) hung 
from the forms by separate brackets as shown in Fig. 3. By using separate 
brackets, the enclosure is free of the finishers’ scaffolds thereby not shaking 
the scaffolds in gusty winds. If the wind should damage the enclosure and 
cause a section to fall off, this section will not drag down the scaffold (and 
possibly men) with it. The panels are superior to the tarpaulins in that they 
do not flap in the wind, they hold the warm air better, and will not tend to 
come apart during the slide. 

It is suggested that steam heat be used so as not to dry out the concrete, 
both on inside and outside surfaces. As the inside areas of slip-form jobs 
tend to be warm and humid by virtue of their protected location, a steam 
source at the base of the slide is all that is usually needed. The warm, moist 

air rises through the building maintaining excellent curing conditions. The 
outside walls are cured by spraying on a membrane-type curing compound 


after the walls are finished and before they emerge from the enclosure. Every 


effort should be made to equalize the temperatures on the inside and outside 


faces of green walls to prevent temperature cracks. - 
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CONCLUSIONS 


Sliding-form construction will under certain conditions result in durable, 
attractive structures at substantial savings in cost and in time. To realize 
these benefits, such structures must be designed with the capabilities and 
limitations of this method in mind. Generally speaking, buildings over 40 ft 
high, which have straight, clean lines and which are free of projecting orna- 
mentation, lend themselves to this method. Sliding-form construction 
can be and should be used in conjunction with other construction methods 


so as to reap the advantage inherent in each method and thereby increase 
construction efficiency as a whole. 


Ce a 


REFERENCES 


1. Doggett, John H., “First Slip-Formed Apartment Building in the United States,” 
ACI Journat, V. 29, No. 9, Mar. 1958 (Proceedings V. 54), pp. 767-772. 

2. Closner, J. J., and Carmel, T., “Large Prestressed Concrete Elevated Tank for Dallas, 
Texas,”’ ACI Journat, V. 27, No. 6, Feb. 1956 (Proceedings V. 52), pp. 641-648. 

3. Stout, David F., and Wilde, Robert E., “Automatic Jacks Speed Sliding-Form Con- 
struction,’ ACI Journat, V. 23, No. 5, Jan. 1952 (Proceedings V. 48), pp. 381-392. 

4. Brown, G. P., “Slip-Form Construction of Piers on Pecos River Bridge,” Texas High- 
ways, May 1956. 


5. “Caisson Positioned for Pier 2 of New Carquinez Parallel Span,” Construction Illus- 
trated, V. 8, No. 7, July 1956. 


6. “Apartment Building From the Inside Out,’’ Architectural F orum, V. 109, No. 2, Aug. ° 
1958, pp. 120-122. 

7. Knerlich, R. “Recent Structures in West Germany,” Progressive Architecture, Mar. 1955. 

8. “Cylindrical Silos for Storing Refined Sugar,’ The Engineer (London), V. 201, No. 5218, 
Jan. 27, 1956, pp. 134-135. 

9. Magee, D. M., “Continuously Moving Formwork in the Construction of an 8000 


Ton Capacity Grain Storage Silo,” Bulletin, Institution of Civil Engineers of Ireland (Dublin), 
V. 84, No. 1, Dec. 1957, pp. 13-50. 


tn, score gaia Catan a OME PAE 


a 


i eae ae gpm 


Received by the Institute May 5, 1958. Title No. 55-67 is a part of copyrighted | of the Ameri 
Concrete Institute, V. 30, No. 10, Apr. 1959 (Proceedings V. 55 Coleeaia a = pratt Bo at 50 amie 


American Concrete Institute, P. O. Box 4754, Redford Station, Detroit 19, Mich. 


Discussion of this paper should reach ACI headquarters in triplicate by 
July 1, 1959, for publication in the Part 2, December 1959 Journal. 


a aa 


. 
EEE 


wk a Mis a ee ee i as a al eG 
; : aa Ng 


ssh USN See 
s¥ oe ay 


ee a ee eh 


saa Na ala 


Title No, 55-68 


High-Density 


Concrete 


Made with Hydrous-lIron Aggregates 


By Harold S. Davis and Orville E. Borge 


DATA ARE PRESENTED on the physical properties of a high-density con- 
crete tested under standard conditions and after heating at tempera- 
tures of 85, 200, and 350 C. The concrete has a density of 218 lb per 
cu ft and a fixed water content of about 4.3 percent at 85 C, which 
makes it a desirable material for biological shields around atomic 
power reactors. Computed values of attenuation lengths are included 
for fast neutrons and gamma radiation. 


Concrete IS AN ECONOMICAL AND EFFECTIVE MATERIAL for shielding atomic 
power plants and other types of stationary reactors. Shield thicknesses can 
be reduced by utilizing high-density concrete instead of ordinary (150 lb per 
cu ft) concrete. Concrete weighing around 230 lb per cu ft is attainable if 
made with magnetite, ilmenite, or certain other aggregates. Limonite is 
sometimes blended with magnetite or steel punchings in order to increase the 


‘amount of water (hydrogen) available for attenuating neutrons.!. The hy- 


drous-iron ore utilized in this test program is of special interest since it com- 
bines high density, a moderate water content, and excellent strength in one 
aggregate. Its use eliminates the need for blending limonite and magnetite 
aggregates during construction, and indicates a potential cost reduction, 
depending on the geographical location of the nuclear reactor. 

The tests described in this report were conducted to determine the physical 
properties of high-density concrete made with a hydrous-iron aggregate ob- 
tained from central Montana. In addition to the normal tests made under 
standard conditions, tests were also performed on concrete specimens which 
had been heated at a temperature of 85, 200, or 350 C for 2 weeks. 

This concrete, designated as Concrete G, is the seventh type of concrete 
investigated at the North Pacific Division Laboratory by the Corps of En- 
gineers, United States Army, for the Atomic Energy Commission. Tests per- - 
formed previously on Concretes A to F are described in Reference 2. 
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MATERIALS 
Mix data 

This high-density concrete was made with 7.0 sacks per cu yd of Type Il 
portland cement with 1.0 percent densifier (by weight of cement). Water- 
cement ratio was 0.43 by weight. Heavy aggregates processed from hydrous- 
iron ore were 46.5 percent fine and 53.5 percent coarse. Slump was 234 in., 
air content 1.9 percent, and unit weight, wet, 216.4 lb per cu ft. 

The workability of the concrete was good but it lacked plasticity. Little 
effort was required to consolidate it in the molds. However, bleeding and 
segregation were greater than would be expected for a comparable mix made 
with conventional aggregates. The fresh concrete consolidated readily 
when moved in a pneumatic tired wheelbarrow, indicating a possible problem 
when transporting it. 


Cement 

The Type II portland cement was sampled and tested by a National Bureau 
of Standards Laboratory (Laboratory No. SFA5074; July 14, 1955). The 
results of the cement tests are summarized in Table 1. 


TABLE 1—PROPERTIES OF PORTLAND CEMENT 


Item 


Item 


Ignition loss C3S | . Specific surf: 
Insoluble residue Cs A sq cm per g, Blaine 
: th 
£0: CsA an me 3370 
12.0 Cc ive sti th, psi 
SiO2 Alkalies as NasO C4 Bde 
Al2Os Entrained air 2.9 7 days 3290 
* Fe:03 Autoclave expansion 0.02 28 days 


TABLE 2—QUANTITATIVE AND QUALITATIVE ANALYSES OF 
HYDROUS-IRON ORE SAMPLE 


Quantitative analysis Qualitative analysist 


, 
- } Rikiis De < Tie # Sample No. 
1 4 6 
Specific gravity 4.4 4.5 4.2 
Percent iron 63.7 59.8 52.9 63.8 
" Percent silica — 5.2 — — 
Ignition loss* at: 
200 C 0.1 0.3 _ _ 
500 C 4.3 4.5 2.7 
Description — — Lustery 


. Nore: Teste made at Hanford Atomic Products | 
pg ie A rem en pre aie mr Speen on hand-picked Running Wolf ore samples obtained . 
on —s = i poner bet of hydration. 
, pectrochemical an 18; ion; 
oy cha pal wi ey suerte greater than 1 percent concentration; M (moderate) 1 to 0.01 percent; 
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Running Wolf hydrous-iron ore 

The heavy aggregates were processed from mine-run ore obtained from 
the Running Wolf iron deposits located about 20 miles southwest of Stanford, 
Mont. In general, the ore is a fine-grained mixture of magnetite, hematite, 
and limonite, with magnetite predominating. (Running Wolf ore samples, 
reported by the Bureau of Mines, contain 58.75 percent iron, 1.109 percent 
sulfur, 0.02 percent phosphorus, and 9.53 percent insoluble.*) Typical data 
for hand-picked samples tested at Hanford Laboratories are summarized in 
Table 2. 

Mine-run ore from two adjacent claims was delivered to the laboratory 
and crushed separately. A well graded, 1.5-in. maximum size aggregate was 
produced in jaw and gyratory crushers set for 1.5-in. and 34-in. maximum 
openings, respectively. Sand was produced from the minus No. 4 crusher 
fines, or from surplus 34-in. to No. 4 material, by means of a rodmill and a 
rake classifier. Gradations and physical data for the processed aggregates 
are presented in Tables 3 and 4. Individual pieces of coarse aggregate are 
fairly cubical in shape, but with sharp, irregular edges, and hard to break. 


METHODS 


In general, standard methods were used for preparing specimens and per- 
forming physical tests. Procedures used by the Corps of Engineers are de- 
scribed in Reference 4. The various CRD numbers and corresponding ASTM 
designations are summarized in Table 5 for the tests performed during this 
program. 

The wet concrete was consolidated in the molds by means of a vibrator 
in accordance with Test Method CRD-C-10. The specimens were allowed 
to cure in their molds at 23 C and a relative humidity of 95 to 100 percent 
for 48 hr, after which they were stripped and placed in the fog room again 

- until 28 days old. At 28 days, the specimens were removed from the fog 
room and stored in the laboratory (relative humidity about 50 percent) 


until tested and heated. Tests on the hardened concrete were performed 


HAROLD S. DAVIS and ORVILLE E. BORGE are both members of 
the American Concrete Institute. @ Mr. Davis is senior engineer with — 
the Hanford Atomic Products Operation, General Electric Co., Richland, 
Wash. Since joining General Electric in 1951, he has supervised develop- 
ment of high-density concrete, and has been concerned with design of 
shielding structures and reactor buildings for the Irradiation Processing 


Department. @ Mr. Borge is assistant head, Concrete Branch, U. S. Army, 


Corps of Engineers, North Pacific Division Laboratory, Troutdale, Ore. 
Since 1956, he has had charge of the high-density concrete studies con- 
ducted for the General Electric Co., Hanford Atomic Products Operation, 


at the North Pacific Division Laboratory. 
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TABLE 3—GRADATION OF PROCESSED after 28 days of moist curing, after an 


ie AGGREGATES* additional 62 days of storage in the 
pee ___ Pereent passing ss Jaboratory air (90 days old), and after 

sine Sand | in | 1gin— subsequent 2-week periods of storage 

>. |  \| | 400.0 at 85, 200, or 350 C to determine the 
yan 100.0 {80 effect of statie heating. Three speci- 
if ie — 34.0 0:5 mens of each type were tested at 28, 
aay we ra “e 90, and about 106 days, respectively, 
No. oh ae 3 except only one water permeability 
Soar and two diffusivity specimens were 
ARE tested. Heated specimens, 106 days 


: old, were allowed to cool to room tem- 
Crushed ore from the first and second shipments A 2 : . 
was blended to obtain processed aggregate used ineom- nerature just prior to being tested an 

crete (see text). 
compression, bond, or flexure. 
Water permeability was obtained by means of a radial flow, falling-head 
permeability test, the head being 12.9 to 10.9 ft. The specimen consisted 
of a hollow cylinder, 18 in. high, having a 9-in. outside diameter and a 43¢-in. 
core. The test was run with a concrete specimen which had been cured 90 
days in the fog room. 


RESULTS 


The results of the physical tests performed at standard and elevated tem- 
peratures are summarized in Table 6. 


The water permeability was found to be 1.24 X 107° ft per min for the 
90-day specimen. The specific heat was determined to be 0.20 Btu per Ib 
per deg F, based on values of specific heat for the coarse aggregate and a 
representative amount of hardened mortar. The thermal conductivity 


TABLE 4—PHYSICAL PROPERTIES OF HEAVY AGGREGATES 


iced Second shipment 


Specific gravity, bulk, saturated 7 
surface 


Absorption, percent 
Los Angeles abrasion, percent 
_ at 500 revolutions (Grading 


) 
Unit weight (plus No. 4), lb 
indie eee 
Thermal expansion, in. per in. per 


deg C X 106 8.8 


*Some oxidation occurs at high temperatures which may cause an increase in weight. 
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TABLE 5—SUMMARY OF TEST METHODS 


Test CRD* ASTM 
number Aciaatun Bere 
Aggregates: 

Gradation C-103-48 C-136-46 Blended aggregate 

Unit weight C-106-51 C-29-42 Dry rodded 
- Abrasion f C-117-56 C-131-55 Los Angeles, Grading A 
% Specific gravity } C-107-51 C-127-42 Coarse aggregate 
a and absorption C-108-48 C-128-42 Fine aggregate 
$s Thermal expansion C-125-52 — Strain gage method 
Plastic concrete: 
F Test specimens C-10-52 C-192-52 Cured at 73 F and relative humidity of 
z ; 95 to 100 percent 
= Air content C-41-52 0.25 cu ft ‘“Pres-Ur-Meter” 


Consistency C-5-52 C-143-52 Slump cone 


Hardened concrete: 


Compression ae C-14-54 C-39-49 6 x 12-in. cylinders 

eg Modulus of elasticity C-19-55 — 6 x 12-in. cylinders 

: Bond C-24-48 C-234-49T 9 x 9 x 9-in. cube and %-in. bar 
z. Flexure | C-16-54 C-78-49— 6x 6 x 24-in. beams 
Compression | C-15-54 C-116-49 6 x 6 x 12-in. (modified cube) 

f. Length and weight change C-25-48 C-157-43 6 x 6 x 24in. beams 

Thermal expansion C-39-55 — 6 x 6x 24in. beams 

eo Thermal expansion C-126-52 — 2x 2x 11-in. mortar bars 

4 Diffusivity C-36-48 — 6 x 12-in. cylinder 

r Specific heat C-124-51 — Coarse aggregate and mortar 

e- *Corps of Engineers, U. 8S. Army, Handbook for Concrete and Cement, Waterways Experiment Station, Vicksburg, 


x 


Miss. 
+ASTM Book of Standards, Part 3, American Society for Testing Materials, Philadelphia, Pa. 


A 


MATL 
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4 TABLE 6—SUMMARY OF TESTS ON HIGH-DENSITY CONCRETE 

i 

i 

: Properties Specimens at Heated specimens 

= room temperature 
e - 90 
x Age, days 28 Laboratory 106 106 106 
oe. Storage condition* Moist air 85 C 200 C 350 C 
4 a 
3 Unit weight, Ib per cu ft 
gi Bane +4 224.13 221.40 218.41 215.52 208.86 
g Cylinders 223 .04 221.09 = 216.73 210.34 
4 Compressive strength, psi 6910 8910 — 8040 6850 
gy -6 x 12 in. cylinders P 
a Modulus of rupture, psi 965 930 1015 930 840 
m 6x 6 x 24in. beams 
ae Modified cube compression, psi 8440 10,700 7340 6900 6920 
ss (ends of 6 x 6 x 24-in. beams) 
s peed peerer Pet, 34-in. 
S. i . cube at slippage 
3 "0.00005 ae : 1200 1120 930 320 
2 0.0001 in. 1320 1180 1010 400 
4 0.0002 in. 1420 1370 1220 570 
4 0.0003 in. 1520 1420 1290 690 
4 0.0005 in. 1550 1430 1390 880 
-¥ 0.0010 in. 1560 (Steel (Steel 1300 
4 0.0015 in. 1580 failed) failed) (Steel 
y e 
oe Thermal diffusivity, sa ft per hr, 0.032 0.034 = 0.033 
4 3 6 x 12-in. cylinder | 
E Pe Se Geren 

F 6x 6 x 24-in. beams, 
q Length change, percent 9.002 =9.006 =9.020 = 9.058 =9.111 

2 Weight change, percent C eal —2. —3. —6. 

4 Coefficient of thermal expansion : 9.35 9.93 9.50 9.07 8.25 
4 in. per in. per deg C X 10°, 6x 6x 24-in. 
3 beams a ‘ 
e. Modulus of came psi X 10-5, 
4 amen poem ; 7.52 8.29 ae 5.68 3.58 

2000 psi stress ; e. = sed ah 


3000 psi stress 


*See text. Standard temperature beams stored moist 2 days weighed 223.53 Ib per cu ft. Cylinders under same 


iti ighed 222.46 lb per cu ft, : Z 
congiliimate bond strength of concrete exceeded strength of reinforcing steel rod. 
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for the 90-day specimens can be computed as follows from the diffusivity, 
specific heat, and weight per cu ft: 


k = 0.032 X 0.20 X 221 = 1.42 Btu per ft per hr per deg F 


Diffusivity values for the 85 C and 350 C tests were determined with heated 
specimens which had been cooled and soaked prior to running the diffusivity 
tests. Thus, values of thermal conductivity and diffusivity for dry, heated 
specimens are probably less than indicated above. 


DISCUSSION 


As shown by the test data summarized in Table 6, the concrete possesses 
excellent structural properties, exceeding those of concretes made with iron- 
bearing- aggregates reported in Reference 2. This could be expected since 
a 7-bag mix was used in combination with a very strong aggregate. Heating 
at temperatures of 85 and 200 C for 2 weeks produced a small amount of 
deterioration in structural properties. However, deterioration following 
the 350 C storage period was somewhat greater than for either of the other 
heating tests. In this case, bond strength at small slippage values decreased 
about 70 percent and the modulus of elasticity about 50 percent (see Table 7). 

Using the data presented above, it is possible to estimate the amount of 
water retained after the concrete was heated to constant weight at a particular 
temperature. Computed values of water content are summarized in Table 
8, along with attenuation data for fast neutrons and hard gamma radiation. 
Unit weight data compare favorably with measured values considering the 
uncertainties involved in ascertaining water content and chemical composi- 
tion. It is noted that the attenuation effectiveness for gamma radiation 
decreases almost directly with the unit weight of the heated concrete, whereas 


TABLE 7—EFFECT OF HEATING ON PHYSICAL PROPERTIES* 


Specimens at 


Properties room temperature | Heated specimens 
90 
Age, days 28 Laborat 1 
Storage condition (see Text) Moist rs a! Py 200 (e} 350 (e) 
Unit weight : ec e 
101 100 99 
ylinders 101 100 -- 98 95 
Compressive strength, 6 x 12-in. cylinders 78 100 _ 90 77 
Modulus of rupture, 6 x 6 x 24-in. ms 104 100 109 100 
meneeted ane ig pa ends of 6 
x 6 x 24-in, beams 100 9 
Bond strength, 34-in. bar, 9-in. cube, y = a 
at slippage of: 
0.0001 in, 112 100 _ 86 34 
0.0005 in, 108 100 — 97 62 
errr Sisiseal expansion, 
x 6 x 24-in. beams 94 100 . 
Modulus of elasticity, 6 x 12-in. ' ai a - 
*y000 pet ot 
psi stress 91 100 — 
2000 psi stress 87 100 a 88 rr 
3000 psi stress 89 100 70 48 


*Values are in percent of corresponding 90-day values. See Table 6. 
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TABLE 8—ESTIMATED VALUES OF ATTENUATION PROPERTIES 
Water content, lb per cu Thickness, in., to reduce rad- 
‘ : f{t,~ bound in: iation by a factor of 10f 
ae. Unit weight, * 
Condition lb per cu ft Gamma radiation 
PF Aggre- Fast neutrons 
ue Somasey gate (~2-6 Mey) 3 Mev 6 Mev 
Wet 224.0 5.4 popes 5.4 8.0 6.9 8. 
Moist§ 221.4 2.8 Leet 5.4 8.2 7.0 3°83 
Dry 218.6 0.0 ae 5.4 8.6 (foi 8.9 
Heated (85C) 217.4 0.0 4.1 5.2 8.8 Tse 9.0 
Heated (200C) PA syar 6 0.0 2.7 4.9 9.0 7.3 9.1 
Heated (350C) 210.5 0.0 2.0 0.4 9.8 7.4 9.2 
Dehydrated ~ 208.1 0.0 0.0 0.0 10.3 Wao 9.3 


*Mix data (Ib per cu ft): cement, 24.4; mix water, 10.5; coarse aggregate, 101.1; fine aggregate, 88.0. 
+Hydrated water retained by cement (w/c): 0.21 at 23 C; 0.17 at 85 C; 0.11 at 200 C, 0.08 at 350 C. 
See Table 4 for water retained by hydrous-iron aggregates at various temperatures. 


oe values, build-up not included. See References 5 and 6. 
Corresponds to well cured, damp concrete in which about 75 percent of the mix water is still present in the 


hardened concrete. 


the attenuation effectiveness for fast neutrons decreases at a somewhat 
greater rate with water loss. The neutron attenuation data for concrete 
heated around 350 C, or higher, must be used with caution since the effective- 
ness of dried concrete for attenuating intermediate neutrons decreases more 


rapidly than for fast neutrons. 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Bridges 
Weinland Bridge in Switzerland (in Dutch) 


P. WAEMENHOVEN, Cement (Amsterdam), V. 10, No. 
21-22, Oct. 1958, pp. 891-892 
Reviewed by Joun W. T. VAN ERP 

This is one of the largest prestressed bridges 
built recently of bold design. Continuous 
over 4 spans of 186, 250, 288, and 216 ft, re- 
spectively. Girders are uniformly 13 ft high, 
but of varying width, 20 in. at midspan and 
3814 in. at supports. Construction was care- 
fully planned and timed to get by with a 
minimum amount of scaffolding. Work was 
planned so that most of the creep had taken 
place before final prestressing. Prestressing 
was by large BBRV system cables of 125 
tons each. Unusual feature was indirect 
lighting from top rail of alummum hand- 
railing. 


Two-level reinforced concrete bridge 
in Moscow (in Russian) 


V. G. Anprerv, G. I. ZincorEenxo, and N. N. Rupo- 
MAZIN, Beton i Zhelezobeton (Moscow), No. 11, Nov. 
1958, pp. 401-410 

Reviewed by D. WatsTEIN 


A new two-level reinforced concrete arch 


bridge across the Moscow River is being 


completed. The portion of the bridge over 
water consists of a center arch span 354 ft 
long and two side arch spans each 148 ft 
long. The outstanding feature of this bridge 
is the fact that 63 percent of the gross vol- 
ume of concrete was precast, and 21 percent 
of it is prestressed concrete. 

Another notable feature of this project is 
the new system of erection of the arches and 
the stiffening girder which extended along 
the entire length of the three arch spans at 
the lower level. The precast segments of the 


For those members who cut apart this section for pastin: 


arches and the stiffening girder were assem- 
bled on the river bank. After the entire 
three arch assembly and the transverse fram- 
ing were made into a monolithic structure 
by welding of reinforcement and concreting 
of the joints, the stiffening girder was pre- 
stressed. Total force required for the ten- 
sioning of the tendons in the center portion 
of the girder was 4000 tons. The entire as- 
sembly was then transferred to a barge and 
floated into place. 

The tendons in the stiffening girder 
mounted on the outside along the upper and 
lower flanges of the girder will be left un- 
bonded for 114 to 2 years. The losses in the 
tension due to shrinkage and creep will then 
be corrected and the tendons will be em- 
bedded in concrete. During the intervening 
period the exposed tendons will be protected 
by a special metal housing. 


Postwar bridge construction in Berlin 
(Berliner Brickenbau in der Nachkrieg- 
szeit) 
Hanns Tocxus and Kraus Scuwirray, Beton- und 
Pletal (Berlin), V. 52, No. 9, Sept. 1957, pp. 
Reviewed by Vaupis LApsins 
There were 120 out of a total of 240 bridges 
of Berlin destroyed during the last war. 
Western sector of Berlin lost 84 of its 174 
bridges. Now there are 63 of the destroyed 
ones again in use. Sixteen new bridges have 
been completed; eight are under construction. 
Article gives a brief résumé of Berlin prog- 
ress in bridge construction. The article 
following (pp. 202-209) describes one Dis- 
chinger bridge which draws particular in- 
terest for its structure and means of con- 
struction. 


mentary reprints of the “Qurrent Reviews’’ section are available from ACI headquarters on request. 
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Reconstruction of the Voulte Viaduct, 
first French long railroad bridge of 
prestressed concrete (La Reconstruc- 
tion du Viaduc de la Voulte, premier 
grand Pont Francais en beton precon- 
traint) 


N. Esquitton, Supplement to Annales de |’Institut 
Technique du B&timent et des Travaux Publics 
(Paris), V. 10, No. 115-116, July-Aug. 1957, pp. 615- 
639 


Reviewed by Henri PERRIN 


The steel superstructure of the railroad 
viaduct on the Rhone River, France, was 
destroyed in 1944 and has been replaced by 
a prestressed concrete structure. The four 
old piers, 200 ft center to center, were reused 
as foundations for frames with inclined legs. 
The construction, illustrated by many pic- 
tures, proceeded symmetrically from pier 
to pier, by sections cast in sliding forms, hung 
from a temporary truss bridge. 

A new prestressing device was developed 
for this viaduct: the wires are maintained 
around a cylindrical spring and anchored 
by cold formed heads bearing against an end 
plate. The prestressing is done by rotating 
the end plate (Boussiron system). 


Construction 


Concrete hangar with special pre- 
stressed concrete features (Le hangar 
pour avions au Findel, Luxembourg) 
Emite Nennina, La Technique Modern- Construction 
(Paris), V. 13, No. 7, July 1958, pp. 193-199 
Reviewed y ALEXANDER M. Turirzin 

The hangar is designed for the maintenance 
and repair of airplanes. Its 55 m concrete 
arch roof is supported 10 m above the ground 
on two-story lean-tos. Lean-tos were planned 
to serve as workshops, storerooms, and office 
areas. Concrete was chosen over structural 
steel because of its superior insulating value, 
its safe behavior under fire, easy maintenance 
and adaptability to architectural treatment. 

The most interesting features of the design 
was the flat roof of lean-tos acting as hori- 
zontal beams in the plane of the roof. The 
outside faces of these beams, which would 
be normally under severe tension due to the 
thrust of the arch, were prestressed so that 
no tension would exist under the usual con- 
dition of roof loading. The ends of one 
horizontal beam were tied to the ends of the 
other horizontal beam, located at the opposite 
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side of the arch, by cables hidden in concrete 
tie beams placed in the front and the rear 
of the building just above the hanger doors. 
In this way the horizontal thrust was equil- 
ized by the two outside tie rods, leaving an 
unobstructed area inside the hangar. The 
article describes each stage of construction, 
the sequence and the method of prestressing. 


Unusual concrete dome structure 
International Civil Engineer and Contractor (London), 
V.10, No. 6, Nov.-Dec. 1958, pp. 54-56 
Reviewed by F. F. Gautp 

Describes concisely the design and con- 
struction of a doubly curved paraboloid shell 
spanning 175 ft over tennis courts at Wim- 
bledon, England. Prestressed tie beams 
were used, the building being supported on 
pile groups at the four corners. 


Multistory construction in concrete 


Joun A. DerrincTon, Proceedings, Institution of Civil 
Engineers (London), V. 9 (Session 1957-58), Apr. 1958, 


pp. 433-458 
Reviewed by Aron L. Mirsky 


Interesting survey of recent British prac- . 


tices in design and construction of multistory 
concrete frames. The use of precasting, 
prestressing, and flat slab types is covered 
in some detail. 


Town wharf at Provincetown, Massa- 
chusetts 
Pavut S. Cranpatu, Journal, Boston Society of Civil 
Engineers, V. 45, No. 3, July 1958. pp. 249-354 
Reviewed by c 
Pier designed to handle small craft (3000 
ton excursion boats and fishing craft) utilizes 
a reinforced concrete deck (precast pile caps 
and stringers, cast-in-place slab) on treated 
timber piles to fulfill requirements of low 
first cost, low maintenance, and reasonably 
long life expectancy. 


on L. Mirsky 


Design and testing of a reinforced 
concrete chimney of 110 m_ height 
(in Dutch) 


J. M. Lazonper and A. C. Vernonven, Cement (Am- 
sterdam), V. 10, No. 19-20, Aug. 1958, pp. 764-768 
Reviewed by Joun Ww! T. Van Erp 
Chimney of a cement plant designed on the 
basis of experience with older chimney of 
conventional construction, i.e., reinforced 
concrete outer shell, acid resistant brick lin- 
ing, and insulation in between (vermiculite 
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or slag). System proved unsatisfactory due 
to leaking of the brick lining, and condensa~- 
tion into insulation. In new chimney, there- 
fore, a ventilated cavity was left between 
the brick lining and the concrete shell, no 
insulation. This worked quite well and 
temperature observations over long periods 
and under varying conditions proved only a 
small temperature gradient in the concrete 
(i.e., small heat loss). 


Reconstruction of Whitby Fish Quay 


Geratp W. Rooke and Frank L. TERRETT, Proceed- 
ings, Institution of Civil Engineers (London), V. 9 
(Session 1957-58), Feb. 1958, pp. 129-144 (discussion 
Aug. 1958, pp. 569-579) 


Reviewed by Aron L. Mirsky 

Former timber structure, on the River 
Esk in Yorkshire, was replaced by a rein- 
forced concrete slab of 2 ft constant thick- 
ness, supported on box bearing piles of steel. 
Timber formwork required to carry the 
weight of 2 ft of fresh concrete was naturally 
heavy. 

To stabilize a portion of the old masonry 
harbor wall, a deep mass concrete toe was 
constructed. 


Racetrack for automobile testing (Bau 
einer Schnellfahrbahn zur Priiffung von 
Automobilen) 


Wotreane Zerna, Beton- und Stahlbetonbaw (Berlin), 
V. 52, No. 11, Nov. 1957, pp. 261-268 


Reviewed by Vatpis LAPsins 
_ Discusses the construction of an oval test 
track of 330 m width and 720 m length to be 
used for testing automobiles. Track was 
erected by Volkswagen firm in Wolfsburg. 


Construction Techniques 


New method of concrete mixing by 


continuous automatic process 


R. T. Ricnarps, Reinforced Concrete Review (London), 
v. 4, No. 6, 1957, pp- 403-412. Building Science Ab- 


stracts, V. 31, No. 1, Jan. 1958, pp. 9-10 
Hicuway Resparch ABSTRACTS 
Nov. 1958 


In the continuous mixing plant described, 
the operator presets three controls: mix, 
water, and quality; adjusts the cement feed if 
necessary; and starts and stops the flow by 
push button. The conveyor belt carries 


three or four sizes of aggregate plus the 


accurately and uniformly blended 


ail ex 


by being fed separately onto the belt. The 
cement content is controlled by varying the 
belt speed and the supply of aggregate by 
means of a control gate to the hopper outlet. 
The aggregate flows at constant rate and 
grading; selection of aggregate size is made 
with a switch. 


Weight saving by the use of fiber tubes 


(in Dutch) 


J. J. L. Buisman, Cement (Amsterdam) V. 10, No. 17- 
18, June 1958, pp. 711-722 


Reviewed by Joun W. T. Van ERp 

Slab construction with the use of fiber 
tubes for voids is described. Theoretical 
derivation of design formula is given and 
illustrated by examples. Tables and charts 
for design, also for two-way slabs which are 
possible provided the long-short span ratio 
is at least 1.5. Torsional moments in the 
corners of these slabs are taken care of by a 
special arrangement of the tubes. Compara- 
tive designs of solid and hollow slabs demon- 
strate economy of the method. 


Dams 


Prestressed dam (in Japanese) 


ToxuTaro SAKANISHI et al., Journal, Japan Society of 
Civil Engineers (Tokyo), V. 43, No. 9, Sept. 1958, pp. 


1-10 
Reviewed by Kryosu1 OKADA 


Part of the auxiliary dam was vertically 
prestressed to 260 ton per m of crest length 
by bundles of prestressing wires, 2.9 mm in 
diameter. The tendons were anchored 
approximately 8 m deep in andesite bedrock. 


Thin arch dam on the Gage River (La 
Vodte tres mince du barrage du Gage) 
J. P. Frey and P. CHavuvet, Supplement to Annales de 
l'Institut Technique du B&atiment et des Travaux Pub- 
lics (Paris), V. 10, No. 114, June 1957, pp. 539-560 
Reviewed by Hunri PERRIN 
The French nationalized electric company, 
taking advantage of the good local conditions 
on the Gage River, France, decided to erect 
a 115 ft high and 470 ft long experimental 
dam. The thickness varies from 12 to 8 ft. 
The first part deals with the design methods 
and the data obtained from numerous meas- 
urements. ‘The behavior of the structure _ 
and its foundation was carefully recorded 
under loading and unloading conditions. The 
dam, in spite“of a few cracks, seems to have 
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reached a state of equilibrium and remains 
quite unaffected by seasonal temperature 
changes. In the last part the construction, one 
of the fastest on record, is described at length. 


Construction of Ogochi Dam (in Japa- 


nese) 
Suro Sato, Journal, oe, Society of Civil Engi- 
neers (Tokyo), V. 43, No. 12, Dec. 1958, pp. 1-23 
Reviewed by Kiyosu1 Okapa 
Reports the details of design and construc- 
tion of Ogochi Dam, the largest gravity 
dam now in Japan. Capacity of the reservoir 
is 19 billion cu m, and the dam is 149 m 
high and 353 m wide. It was completed in 
November 1957 about 20 years after the work 
began. 


Design 


Behavior of thin plates at the corners 
(Uber das Verhalten diinner Platten in 
den Eckpunkten) 
G. Roumpgt, Der Bauingenieur (Berlin), V. 33, No. 2, 
Feb. 1958, pp. 50-54 
Reviewed by Aron L. Mirsky 

Analytical proof, based on considerations 
of equilibrium and deformation, that twist- 
ing moments must vanish at corners of non- 
rectangular plates and (in certain cases, de- 
pending on the boundary conditions for the 
two edges meeting at the given corner) of 
rectangular plates, so long as there are no 
impressed moments acting. 


Analysis of certain interconnected arch 

systems 

A. W. Henpry and L. G. Janarr, The Structural En- 

gineer (London), V. 35, No. 7, July 1957, pp. 256-260 
UTHOR is SuMMARY 

This paper describes a new and simple 
method for the analysis of two pinned sinusoi- 
dal arch ribs. (Since the difference between a 
sinusoidal and a parabolic profile of the same 
rise and span is quite small the theory will 
apply to parabolic arches with reasonable 
accuracy.) The analysis shows that the bend- 
ing moment diagram for an arch rib of this 
type is obtained by subtracting from the 
simple span bending moment diagram its first 
harmonic component. 

It is also shown that harmonic components 
of the loading higher than the first produce 
no horizontal thrust and that a system of 
arch ribs of negligible torsional stiffness inter- 
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connected by cross girders which transmit 
only vertical forces may be analyzed as a 
flat grid, provided that the first harmonic of 
the simple span bending moment diagram or 
deflection curve, as the case may be, is 
omitted. Distribution coefficients for grids 
have been published previously by the 
authors. A worked example of the calcula- 
tion is shown and a confirmatory experiment 
is described in an appendix. 


Substitute frames in the analysis of 
rigid-jointed structures 


E. Liautroor, Civil Engineering and Public Works Re- 
— (London), V. 52, Part 1, No. 618, Dec. 1957; Part 

2, V. 53, No. 619, Jan. 1958 
Reviewed by GunuHaArp-Agstius ORAVAS 


A substitute frame procedure in a suc- 
cessive correction method is applied to rigid 
multistory structures that possesses certain 


advantages in practical design of such 
frames. 


Design of interconnected bridge girder 
D. 8. Brooks, Ge Engi: erty oe Public Works Re- 
view (London), V . 53; Part 1, No. 623, May 1958, pp. 
535-538; Part 2, No. 624, June 1958 

Reviewed by GuNHARD-ApsTIUS ORAVAS 


A new version of grid analysis is intro- 
duced in this paper that makes use of a re- 
laxation procedure somewhat similar but less 
complex than the method developed by 
Lazarides for the stress analysis of the Dome 
of Discovery. The methods of relaxation 
for grid analysis have great practical utility 
and have not as yet achieved as common 
acceptance by the profession as its simplified 
version in the method of moment distribu- 
tion for planar frames. Experimental data 
substantiates the validity of the relaxation 
analysis. 


Introduction to dimensional analysis 
(in Spanish) 


Mariano ga R 
(Mexico City), V. 28, No. 1, 
ewed 


ay Ps Ingenieria 
Revi by Miron: Renasco, Jr. 


Presents a basic theory on dimensional 
analysis. Starting with theories of funda- 
mental units and basic physical magni- 
tudes, equations are established for the solu- 
tion of problems involving several unknowns 
by methods .of proportional simplification 


and by solving lineal and homogeneous 
equations. 
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New method for the analysis of beams 
on elastic foundations 
A. W. Henpry, Civil Engineering and Public Works 
Review (London), V. 53; Part 1, No. 621, Mar. 1958, 
pp. 297-299; Part 2, No. 622, Apr. 1958, pp. 444-446 
Reviewed by GunHarp-AESTIUS ORAVAS 
A method of characteristic functions anal- 
ogous to Inglis’ basic harmonic functions in 
vibration analysis are introduced with con- 
siderable success in the treatment of beams on 
elastic foundation. Much more than just an 
interesting tool for foundation analysis. 


Influence of an infinite series of equal 
circular holes on the bending of thin 
plates (in German) 
O. Tamatn, Zeitschrift fur Angewandte Mathematik 
und Mechanik (Berlin), V. 37, No. 11-12, Nov.-Dec. 
1957, pp. 431-442 
Reviewed by J. J. PouivKa 

Stress distribution and concentration along 
a hole in a plate have been investigated 
previously by various theoretical methods 
and experimental stress analysis, especially 
photoelasticity. In this paper Kirchhoff’s 
theory of bending and the method of Musk- 
helishvili are used for approximate determi- 
nation of the influence which infinite series of 
equal circular holes in the plate will have on 
the stress distribution if the plate is sub- 
jected to bending moments. Coefficients of 
the deflection function are determined by 
perturbation theory. Some special cases are 
discussed in numerical examples. 


Theoretical study of strain variations 
in heterogeneous bodies, application 
to concrete; use of grids for the study 


of strains (in French) 
M.P.Dantv, Supplement to Annales de l'Institut Tech- 
nique du Batiment et des Travaux Publics (Paris), V. 
11, No. 121, Jan. 1958, Part 1, pp. 54-77, Part 2, pp.78-98 
AUTHOR'S SUMMARY 
Part 1 presents a theoretical study which 
permits the establishment, by statistical 
considerations, of formulas giving the aver- 
age stresses near any point for each of the 
media of an heterogeneous body (e.g., im 
the mortar and in the gravel stones for a 
concrete). These formulas may be extended 
to the case of variations of temperature and 


~ of shrinkage. 


The relation between the modulus of elas- 
ticity of an heterogeneous body and that of 
_its components is studied theoretically and 


experimentally. 


A153 


Actual stresses were measured at a small 
scale in the gravel stones and in the mortar, 
and on the sawed face of a concrete prism 
with gages and photoelastic lacquer. These 
measurements were repeated on a crude 
face of concrete. The divergence in relation 
to the macroscopic stresses is considerable. 

Part 2 discusses the use of grids for the 
study of strains. The object of the method 
is to give a two- or three-dimensional con- 
tinuous extensometry for extensions above 
0.00021, i.e., in the range of plasticity and 
creep. 

To obtain these results, the ‘‘moiré’ 
effect produced by superimposition of a net- 
work printed on the test piece and of a con- 
trol network is used. The spacing of the 
lines of the networks varies from 0.0039 to 
0.00078 in. 

The method has been applied to the defor- 
mation of metals and of plastics. Since the 
network after photographic impression may 
be acid etched, the method is used on metals, 
even for deformations at high temperatures 
or under the effect of violent impacts. 

Finally, the incorporation of a network in 
the interior of a block of transparent plastic 
material allows the application to three- 
dimensional plasticity and creep. This also 
permits an alternative to the photoelastic 
method of frozen stress. 


Designing a slab using the fracture 


line theory 
W.J.R. Smith, Civil Engineering and Public Works Re- 
view (London), V. 53, No. 620, Feb. 1958, pp. 163-167 
Reviewed by GunHARD-AnSrIUS ORAVAS 
A yield-line analysis study is described 
for a concrete flat slab in a paper mill in 
England. Various schemes of fracture 
patterns are studied and in general help to 
demonstrate the great utility of the method 
pioneered by Ingerslev and Johansen. 


Designing methods (Bemessungsver- 
fahren) 


Benno Loser and Hetmvurt Loser, Wilhelm Ernst and 
Son, Berlin, 16th edition, 1958, 351 pp; paper back 22 
DM, hard back 26 DM 


Reviewed by J. F. LnppMANN 
This classic reinforced concrete design 
manual has been kept up to date by the son 
of the late author. In addition to the usual 
design formulas and tables and a chapter 
on beam and frame analysis it aow covers 
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such items as ribbed floors with hollow fill 
blocks of clay tile, lightweight concrete and 
glass, and a chapter on the special reinforcing 
steels and wire mesh types used in Germany, 
Austria, and Czechslovakia. Tables of co- 
efficients for conventional flexural design 
have been extended to steel stresses of 3.0 
and 3.5 metric tons per sq em (nearly 50,000 
psi). ; 

Of interest to engineers who are not used to 
the metric system will be a section on ultimate 
flexural design (now officially admitted in 
East Germany) and a chapter on prestressed 
concrete design, both by Gottfried Brendel, 
Dresden. The included tables of coefficients 
for computing section areas, centroids, sec- 
tion moduli, and kern distances of T-sections, 
bulb. T-sections and box sections are more 
detailed than those found in the current 
American literature. 

Generously illustrated with tables and 
numerical solutions of practical problems. 


Membrane structures with free edges 


J. PEviKan, Acta Technica (Budapest), V. 20, No. 3-4, 
1958, pp. 275-295 


Reviewed by GuNHARD-AEsTIUS ORAVAS - 


An interesting method of analysis that 
combines conformal transformation and re- 
laxation into a powerful tool in the stress 
analysis of membranes exhibiting some free 
edges. The edge girders that are shaped 
according to specific space curves prohibit 
their function as a flexural member. The 
method should open new possibilities in the 
ever widening field of shell construction and 
it demonstrates that in this type of structure 
there is a lot of room for progress and in- 
genuity of the designer. 


Buckling of a spheroidal shell curved 
in two directions 
Pau Csonxa, Acta Technica (Budapest), V. 14, No. 3- 
4, 1956, pp. 425-437 
Reviewed by Gunnarp-Arstius OravAs 

The author develops an approximate 
buckling formula for spheroidal type of con- 
crete shells that has the following simple 
form 


0.05 = 
Ben OR) BOR, 


where pr designates the critical surface 
pressure, h the shell thickness, and R,, R» 
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refer to the two radii of principal lines of 
curvature. The analysis is based on the 
actual buckling behavior of a concrete shell 
built in the winter of 1950. 


Materials 


Corrosion of iron in general and con- 
crete reinforcing in particular (in French) 
R. M. Berruier, Revue des Matériaux de Construction 
et de Travaux Publics (Paris), No. 511, Apr. 1958, pp. 
aah Reviewed by Puitur L. MELVILLE 

Corrosion is considered a risk against which 
“anti-corrosion” is good insurance. The 
main aim of the treatment is to make the ma- 
terial passive. In the case of concrete, low 
solubility salts such as phosphates tricalcic or 
fluosilicate and fluoaluminate are indicated. 
Small dosage (1 percent) is rather beneficial to 
other concrete properties. 


Influence of temperature lowering on 
cement hardening (in French) 
L. Buronpiavu, Reoue des Matériaux de Construction et 
de Travaux Publics (Paris), No. 508, inclusive; 
May 1957-Jan. 1958; pp. 141-146, 181-188, 203-218,. 
290-297, 327-331, 364-368, and 15-32 
Reviewed by Parmurp L. MEeLvILuE 

The study deals with the effect of tem- 
peratures near 0C on hardening of portland, 
blast furnace, and sulfate cements. Tests 
show cements containing slag are more sen- 
sitive to low temperatures than portland 
cements. Cold affects concrete with high 
water-cement ratios and low quality cements. 
At 3C strength losses varied universally with 
the size of the specimens. 


Review of available information on 
polyvinyl acetate as an admixture for 
concrete 
Ciara F. Derrineron and Leonarp Pepper, T'ech- 
nical Report No. 6-486, U, S. Army Engineer Water- 
pd cxpetant Station, Vicksburg, Miss., July 1958, - 
Avutuors’ SUMMARY 
Presents a review of available literature 
pertaining to the incorporation of polyvinyl 
acetate as a concrete admixture into mortar 
or concrete mixtures. Polyvinyl acetate has 
been reported to produce excellent bonding 
of the fresh mortar to old concrete and to 
improve several properties of concrete. This 
review of available literature suggests that 
mortar containing PVA exhibits improved 
physical properties when the modified con- 
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j crete is cured in a dry atmosphere. How- and mortars, increases the green strength of 
ever, when mortar containing PVA is im- mortars, and increases the cohesiveness of 
mersed in water or subjected to weather mortars. 

; conditions involving high humidities, con- In concrete, it reduces slump, increases co- 

; siderable loss of strength, warping, and _hesiveness, decreases the amount of bleeding, 

3 cracking result. eliminates aggregate segregation, increases 

= the tolerance to vibration, and does not en- 

- Special baritic and strontium cements ea ee Su ei apa 

3 4 additions do not decrease compressive 

— (in French) ; ; f 

a strength seriously, provided the concrete 1s 
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de Travaux Publics (Paris), No. 511, Apr. 1958, : 
108-118 J a 


Reviewed by Purnture L. MELVILLE 

A detailed study of cements obtained by 
total or partial replacement of CaO by BaO 
and SrO. Cements tested were manufac- 
tured specially and were of eight types: 
barium blast furnace, strontium blast fur- 
nace, barium slag, strontium slag, strontium 
high-alumina, strontium-barium high-alumi- 
na, barium alumina refractory, barium alumi- 
na nonrefractory. Details of manufacture 
are given. From the investigation, it is 
concluded that tristrontium and tribarium 
silicates actually exist. 

The special cements feature the following 
outstanding technological properties: 

1. The barium blast furnace and the barium 
slag cements offer high resistance to sea 
water. 

2. The barium alumina refractory cements 
show an exceptionally high resistance to fire. 

3. The barium slag and barium alumina 
cement provide a satisfactory shield against 
x- and gamma rays. 

4. The barium alumina cement is not 


hydraulic. 


Synthetic polyelectrolytes as concrete 


admixtures 


G. M. Brusre and J. K. McGowan, Australian Jour- 
nal of Applied Science (Melbourne), V. 9, No. 2, 1958, 


pp. 127-140 
Autuors’ SUMMARY 


It is found that some synthetic polyelectro- 
lytes increase the interparticle attraction 
and degree of flocculation in cement paste. 
The effects produced in cement pastes, mor- 
tars, and concretes when the interparticle 
attraction is increased by a representative 
polyelectrolyte admixture, ‘Krilium,” are 
described. 

When added to cement, Krilium increases 

bleeding rates and decreases bleeding capaci- 
_-ties of cement pastes, reduces flow of pastes 


properly compacted. 

Possible uses of this admixture to improve 
concrete mixes and methods of handling 
concrete are discussed. 


Insulating bricks for rotary cement 


kilns (in French) 


J. Com, Revue des Matériaux de Construction et de 
bed Publics (Paris), No. 510, Mar. 1958, pp. 75- 


Reviewed by Pumure L. MELVILLE 

Comparative study on the cost of cement 
production as affected by the use of insulat- 
ing bricks to reduce heat losses in rotary 
kilns. The following advantages are antici- 
pated: lower temperature in kiln outer skin; 
less heat loss; and improved preparation of 
raw material before entering the clinkering 
zone. Working zone and exposed area of 
kiln would be expanded. Other advantages 
would include: less scaling and dust; reduced 
weight, torsion, and bending; reduced power 
loss; higher temperatures; and faster con- 
struction at no increase in cost. 


Microscopic examination of cement 


and cement clinker (in Dutch) 


K, L. A. vAN DER LEEUW and N. P. van ENGEL- 
SHOVEN, Cement (Amsterdam), V. 9, No. 1-2, Feb. 


1957, pp. 49-53 ; 
Reviewed by Joun W. T. VAN ERP 


Microscopic examination techniques have 
become important since the twenties. As 
with minerals, the examination of cement is 
done primarily with light from above and 
identification of the various ingredients is 
only possible on highly polished samples. 
The cement powder is best examined by em- 
bedding in transparent plastic and then 
polishing. Visually contrasting properties of 
the various ingredients have to be brought 
out further by means of chemical etching. 
Advantage of microscopic examination is the 
speedily available result (20 min) as against 
chemical analysis. 


ss 
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Construction materials (Baustoffe) 
USA gee esr emer 

: to Seigiey Reviewed by Aron L. Mrraskxy 

One of the series of periodic surveys in 
VDI Zeitschrift, covering recent developments 
in technology. Included here are brief de- 
tails of developments in deformed reinfor- 
cing bars, prestressing tendons, concrete addi- 
tives, and cements, all German. 


Developments in materials testing equip- 
ment are covered in another survey in the 
same issue, by Alfred Kretschmer (pp. 1242- 
1243). 


Admixtures to concrete (in Dutch) 
R. Ports, Cement (Amsterdam), V. 10, No. 13-14, 
Feb. 1958, pp. 559-560 
Reviewed by Joun W. T. Van Erp 

Papers presented at the Congress of the 
Concrete Products Industry, Wiesbaden, 
1957, are: concrete accelerators, retarders, 
plastifying agents, air-entraining agents, 
synthetic resins (greater flexural strength), 
bonding agents, and curing compounds. A 
complete review of all these materials is 
given, but the most important item still 
is the proper proportioning and mixing of 
the basic ingredients of concrete, and a warn- 
ing is issued against the excessive use of the 
admixtures. 


Pavements 


Concrete road construction, slab di- 
mensions, and joint spacing (in Dutch) 
A. J. P. vAN peR Burau, Cement (Amsterdam), V. 9, 
No. 11-12, Dee, 1957, pp. 474-582 
Reviewed by Joun W. T. Van Erp 

A summary is given of the development of 
road construction during the last 30 years. 
The most important item in durability and 
riding qualities of the road has always been 
the joint; its construction, spacing, the use of 
joint fillers, ete. 


The most satisfactory system has proved 
to be to make an expansion joint at the end 
of each day’s work, about 1650 ft apart. The 
joints are formed by 1 in. thick soft wood 
plank up to 114 in. below top of slab, with a 
joint filler above: The practice of using 
dowels has been abandoned as being unsatis- 
factory as also the use of special supporting 
slabs under the joints. Concrete slab is 8 
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in. thick, placed monolithically, no reinforce- 
ment. Special care is taken to form a good 
subbase, mostly cement stabilized sand. 

In addition to the expansion joints there 
are also dummy joints, spaced at 20 ft. 
These joints are made by a machine which 
vibrates a felt strip 1/16 in. thick into the 
soft concrete down to a 2-in. depth. 


Riding quality in concrete roads—tin- 
vestigation of mechanical spreading 
and finishing 

R. H. H. Krrxuam, Contractors Record and Municipal 
Engineering (London), Apr. 23, 1958, 4 pp. 

The Road Research Laboratory in Eng- 
land has spent 7 years conducting tests on 
methods of concrete road construction using 
mechanical spreading and finishing and its 
effect on riding qualities. This report de- 
scribes some of the tests and the construction 
methods selected as a result. 


Prestressed concrete for airfield pave- 
ments 


Gunnar S. Pepersen, Civil Engineering, V. 28, No. : 


11, Nov. 1958, pp. 66-69 


A brief review of several test sections of 
prestressed airfield pavements in Europe and 
a fairly detailed description of the construc- 
tion at Maison Blanche Airfield in Algiers. 
The prestressed concrete runway, 8000 ft 
long and 200 ft wide, and a parallel taxiway 
80 ft wide have satisfactorily withstood 4 
years of heavy traffic. 


Precast Concrete 


War-damaged church steeple rebuilt 
in concrete (in Dutch) 
W. van per Scurrer, Cement (Amsterdam), V. 10, 
No. 19-20, Aug. 1958, pp. 773-780 
Reviewed by Jonn W. T. Van Erp 

A wood steeple of an old Gothic church was 
destroyed during the war and recently re- 
built according to a prize-winning modern 
design. It was built almost entirely out of 
prefabricated elements, with concrete left 
exposed. For maximum durability blast 
furnace cement was used in a mix of 1 bag 
per 5.5 cu ft of aggregate. Total weight of 
the prefabricated elements was 200 tons f 
they were joined by prestressing and a water 
repellent silicone treatment was given, 
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Insulating building blocks (in Dutch) 
R. Ports, Cement (Amsterdam), V. 10, No. 17-18, 


June 1958, p. 689 
b Reviewed by Jounn W. T. Van Erp 


These blocks are made from a fireproofed 
fibrous material of high insulating capacity, 
developed in Switzerland, with a length of 
14 m by a height of 144 m. Feature is that 
they are milled by machine top and bottom, 
so that they are of exact dimensions, per- 
mitting them to be stacked rapidly into 
walls, after which they are filled with con- 
crete. Blocks have an outer skin of dense 
material and are extensively used for tall 
building construction. 


Precast fireproof concrete panels for a 


tunnel kiln (in Russian) 
G. F. Kusnetcow, Novaja Tekhnika i Peredowot Opyt 
w Stroitel’ stve (Moscow), No. 1, 1958, pp. 6-10 
Reviewed by N. G. ZoLDNERS 

A tunnel kiln for burning insulating bricks, 
78 m long and 2.1 m wide was built from big 
fireproof concrete panels. Two types of 
fireproof concrete mixes were used in the pre- 
cast wall and roof panels. In the zone where 
temperature is expected to be up to 700 C, 
both fine and coarse aggregates were made of 
crushed clay building bricks. In the burning 
zone, where temperature is expected to be 
between 700 and 1200 C, both fine and coarse 
aggregates were made of crushed firebricks 
with addition of finely ground grog. Normal 
portland cement (300 kg per cu m) was used in 
all concrete. 


Using precast reinforced concrete sets 
in the Pioneer Tunnel of Great Northern 
Railway’s Cascade Tunnel, King 


_ County, Wash. 


E. W. Parsons, Information Circular No. 7858, U.S. 
Bureau of Mines, 1958, 10 pp. (Available from Publi- 
cations Distribution Section, Bureau of Mines, 4800 
Forbes Ave., Pittsburgh 13, Pa.) 

Successful replacement of timbers with 
concrete supports in the Pioneer Tunnel is 
described. The sets for the tunnel were de- 
signed for a superimposed load of 3000 psf 
on roof slab and 1500 psf on side walls. The 
sets were placed “skin-to-skin’’ and thus 
form a continuous lining. A set as placed is 
comprised of three precast members and is 
placed on a continuous concrete footing. 

Although concrete sets cost about 50 per- 
cent more than conventional wood sets, the 
y z 


~ 
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report notes that the permanence of the con- 
crete supports will more than offset this 
difference. 


Prefabricated office building (in Dutch) 
H. T. Zwiers, Cement (Amsterdam), V. 10, No. 13-14, 
Feb. 1958, pp. 541-544 
Reviewed by Joun W. T. VAN ERP 

Office building built for a large general 
contractor was built entirely out of pre- 
fabricated elements except the central core of 
stairways, corridors, and elevator shafts, 
which provided lateral rigidity for the four- 
story building. Reasons for using prefabri- 
cated elements: shortage of skilled labor, 
short building period desired, and demon- 
stration of what can be done with concrete 
in its most perfect form. Most of interior 
partitions also prefabricated. 


Room-size precast concrete wall 
panels in multistory house construction 
(in Russian) 


E. S. Ratnus, Novaja Tekhnika i Peredowoi Opyt w 
Stroitel’stve (Moscow), No. 2, 1957, pp. 5-9 
Reviewed by N. G. ZouDNERS 

This article describes the construction 
techniques used in the erection of five-story 
60-unit apartment houses in which the room- 
sized slag concrete precast wall panels are 
tied together with the hollow floor slabs and 
form the actual load bearing structure. The 
wall plumbing, ventilation ducts, windows, 
and doors are already installed and the panel 
surface finished before delivery. All panels 
and slabs (maximum weight 5 tons) were de- 
livered to the building site from a central 
plant by specially built panel-carrier trucks. 
Each element of the structure was lifted 
into proper place by means of a hugh tower 
crane. A crew of three men with a crane 
erected a full story of a house, placing about 
120 panels and slabs into proper position in a 
week. 


Use of precast concrete in Leningrad 


subway tubes (in Russian) 


K. A. Kuznersov, Beton i Zhelezobeton (Moscow), 
Aug. 1958, pp. 293-298 


Reviewed by D. WaTstTEIN 

The experience gained in the construction 
of about 20 km of Leningrad subway indi- 
cates that precast concrete segmental ele- 
ments can be used-in the same manner as 
conventional cast iron tunnel liners. It is 
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claimed that economies in the use of metal 
range up to 85 percent while the cost is re- 
duced by 30 percent. 

The tubes have outside diameters of either 
18 or 20 ft and consist of ten segmental liners. 
The minimum thickness of the liners ranges 
from 2.4 to 3.2 in. The liners are made of 
a harsh concrete mix having a water-cement 
ratio of 0.28 to 0.3. The concrete is con- 
solidated by vibration from 4 to 5 min and 
the forms are stripped immediately. 

The paper describes both strength tests 
and water permeability tests performed on the 
precast concrete liners. Research is presently 
in progress to determine the types of coatings 
and admixtures which might be effective in 
preventing penetration of water. An attempt 
is being made to replace welded reinforce- 
ment cage of deformed bars with one of 
malleable cast iron. A study is also being 
made of the properties of liners of autoclaved 
sand-lime mixes. 


Prestressed Concrete 
Wire failure (Draadbreuk) 


G. W. P. vAN per Hewen, Cement (Amsterdam), \ 
10, No. 15-16, Apr. 1958, p. 659 
Reviewed by Joun W. T. Van Erp 
Theoretical analysis shows the speed of a 
fully prestressed breaking wire to be around 
85 ft per sec at the moment deformation 
energy is transformed into kinetic energy. 
Proper safeguards should be taken against 
this danger. In radial structures (tanks) 
speed of breaking wire has been found to be 
many times greater than expected. Wires 
have been known to cut through 1-in, boards. 


Partially-prestressed concrete  struc- 
tures (theory and dimensioning) [Teil- 
weise vorgespannte Betonkonstruk- 
tionen (Theorie und Bemessung)| 


P. W. Ane.es, Der Bauingenieur (Berlin), V. 33, No. 3, 
Mar. 1958, pp. 77-84 


Reviewed by Aron L. Mirsky 


After a brief history of the idea of partial 
prestressing, author develops theory and 
gives seven “comparison examples” (beams 
of rectangular and I section), to indicate its 
application and value. While much of ma- 
terial has appeared in English in various 
British and American publications, this paper 
is of considerable interest. 
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Quality control in prestressed concrete 


RN: 

J. MastermMan, Magazine of Concrete Research 
ype V. 10, No. 29, Aug. 1958, pp. 57-62 

AvTHor's SUMMARY 

Outlines a system of quality control 
applied to prestressed concrete joists in 
which the control depends on daily testing 
of a random selection of the actual joists. 
The nondestructive testing includes obtain- 
ing the modulus of elasticity of the concrete 
and the load at the first crack for each joist; 
corresponding cubes are made for crushing 
at 1 and 28 days. Results are analyzed and 
the mean and standard deviations recorded. 


Present span limits for some types of 
steel reinforced and prestressed con- 
crete structures (Les limites actuelles 
de portée des ouvrages métalliques, 
en béton armé et précontraint) 

Henry Lossrer, Supplement ~*~ Annales de l'Institut 
——— du B&atiment et des Rigen tee. 
(Paris), V. 10, No. 114, June 1957, Pe itt 

Reviewed See 5 SA 

Author first defines the three factors 
limiting the span of any structure: the char- 
acteristic of the materials (intrinsic limit), 
their unit cost (economic limit), and their 
practical dimensions (practical limit). 

This method is applied to suspension 
bridges, arch bridges (steel and concrete), 
cantilever bridges, prestressed concrete 
bridges, free standing towers (steel and 
concrete), and dams. 


Thompson-Houston plant in Angers— 
prestressed self-supporting sheds (I’ 
Usine Thomson-Houston a Angers, 
sheds précontraints auto-porteurs) 


M. T. Jean-Biocn, Supplement to Annales de I'In- 
stitut Technique du B&timent et des Travaux Pub- 
oat Seaton - 10 No. 115-116, July-Aug. 1957, pp. 


Reviewed by Henri Perrin 


The factory is 574 ft long and 360 ft wide 
with a clear height of 16 ft 16 in. The roof 
is made of prestressed concrete barrel vaults, 
continuous over five bays. The vault span 
is 28 ft and its average thickness 214 in. 
Ribs on the outside face are placed at every 
column line. 

Edge beam and vault are prestressed 
longitudinally. The construction schedule 
is presented along with some data on the 
materials used. 
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Development of prestressed concrete 
in Switzerland 


P. W. AsEuss, Civil Engineering and Public Works Re- 

view (London), V. 53: Part 1, No. 619, Jan. 1958, pp. 

54-56; Part 2, No. 620, Feb. 1958, pp. 183-185 
Reviewed by GUNHARD-AESTIUS ORAVAS 


( 


'-Author describes the BBRV method of 
prestressing prevalent in Switzerland and 
several examples of its structural 
application including the striking Stigli 
Bridge by Soutter. 


Shear problems in prestressed design 


(in Dutch) 


B. Visser, Cement (Amsterdam), V. 10, No. 15-16, 
Apr. 1958, p. 609 


Reviewed by Joun W. T. Van Erp 
Theoretical analysis has not been able to 
entirely solve problems of shear design. 
Many tests on conventional and some on pre- 
stressed structures have supplied. valuable 
information and given empirical results, but 
much more data are needed, particularly 
where ultimate design methods are to be 
applied. To realize this international co- 
operation is recommended. 


Field measurement of creep of pre- 
stressed concrete beams (in Japanese) 
Misao Sugawara, Journal, Japan Society of Civil En- 
gineers (Tokyo), V. 43, No. 8, Aug. 1958, pp. 19-28 
Reviewed by KryosHi OKADA 
Describes about 314 years’ measurements 
of creep in prestressed concrete beams. The 
beams are of I-section, 1.3 m high and 30 m 
long, and built about 5.8 m over the river 
mean water level. Reports that creep strains 
after the test period are approximately 1.75 
times as large as the initial elastic strains 
due to prestress and/or load, while they are 
assumed in design to be 2.3 to 2.6 times as 


large. 


Prestressed concrete shell roof (in Dutch) 


A. M. Haas, and J. G. Baas, Cement (Amsterdam), 
V. 7, No. 7-8, Aug. 1955; V. 10, No. 19-20, Aug. 1958, 


. 799-803 
a Reviewed by Jonn W. T. Van Erp 


Shells are continuous over two spans of 
131 ft, 234 in. thick with transverse ribs to 
prevent buckling, post-tensioned by bent 
cables (Freyssinet 12x 0.2 in.). Bays are 
40 ft wide, total area about 5.2 acres. Day- 


lighting by double-glazed aluminum windows: 


in strips in the shells. Air conditioning ducts 


- monolithic with the shells at gutter valleys. 


“ 
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Expansion and deformation of concrete 
structure has been thoroughly considered. 
Exterior walls are entirely independent of 
structure and have separate foundations. 


Composite truss of new type 
Homer M. Hanpuey, Civil Engineering, V. 28, No. 11, 
Nov. 1958, pp. 49-51 

In this composite truss the bottom chord is 
a rectangle of prestressed concrete while webs 
and top chord are of structural steel. The 
composite unit is 3 ft 6 in. deep center-to- 
center of chords and 70 ft long. Loading 
tests are reported. Tests also showed that 
the heat of welding the web members to the 
embedded steel sections in the bottom con- 
erete chord caused no serious weakening or 
loss of bond. 


Third international prestressed con- 
crete congress, Berlin 1958 (in German) 


Beton- und Stahlbetonbauw (Berlin), V. 53, No. 9, Sept. 
1958, pp. 221-247 


Reviewed by VauLpis Lapsins 

This issue devoted entirely to reports and 
papers from the Third International Con- 
gress for Prestressed Concrete which was 
held May 5-10, 1958, in Berlin and was 
attended by 1150 engineers of 42 countries. 
Papers present discussion on the latest accom- 
plishments in prestressed concrete on inter- 
national scale. 


Prestressed concrete in China (in Dutch) 
Cement (Amsterdam), V. 8, No. 21-22, Oct. 1958, pp. 


845-848 
Reviewed by Joun W. T. VAN Erp 


Industrial expansion of China has called 
for a great number of factories for prefabri- 
cation of concrete elements. A factory near 
Peking for prestressed and conventional con- 
crete has a yearly production of 160,000 cu 
yd. Article classes prestressed elements in 
the following groups: 

(a) Building elements 

(b) Elements for railroad bridges, railroad 

ties. Bridge spans have been stand- 
ardized at 24 and 26 m. 

(c) Miscellaneous elements like piles, tubes, 

portals for high tension lines, ete. 

Use of prestressing has increased tremen- 
dously since 1956 and’by 1962 it is expected 
that 20-25 percent. of all concrete used in 
China will be prestressed. 
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Properties of Concrete 


Effectiveness of mineral admixtures in 
preventing excessive expansion of 
concrete due to alkali-aggregate reac- 
tion 
Avan D. Buck, B. J. Houston, and Leonarp PEPPER, 
Technical Report No. 6-481, iT 38s Army Engineer 
Waterways. Experiment Station, Vicksburg, iss., 
July 1958, 31 pp. 
AvutHors’ SUMMARY 

Twenty materials, representing eight dif- 
ferent classes of mineral admixtures, were 
evaluated, using both chemical and mortar- 
bar test methods, for their effectiveness in 
preventing excessive expansion of concrete 
due to alkali-aggregate reaction. It was 
found that the chemical tests cannot be used 
with reliance to evaluate effectiveness, and 
the mortar-bar test method needs improve- 
ment to increase its precision. Each of the 
replacement materials evaluated will prevent 
excessive expansion if a sufficient quantity is 
used. Correlations were found between 
effectiveness and: fineness, dissolved silica, 
and percentage of alkali retained by reaction 
product. The eight classes of mineral ad- 
mixtures represented in the tests were: 
granulated blast-furnace slags, natural ce- 
ments, fly ashes, natural volcanic glasses, 
calcined opaline shales, uncalcined diatomite, 
uncalcined quartz, and synthetic pure silica 
glass. 


-Concretes containing gypsum-cement- 
peerean blends as binders (in Russian) 

V. Vouznenskxy and V. I. Srampunxo, Beton ¢ 
RED hp (Moscow), No. 10, Oct. 1958, pp. 363-367 

Reviewed by D. Warsrrin 

In the interest of securing a more durable 
gypsum concrete, a study was made of con- 
cretes containing a blend of gypsum, port- 
land cement, and a pozzolanic material. The 
mixes studied contained blended binders con- 
sisting of 50-60 percent of gypsum hemihy- 
drate, 20-25 percent of portland cement and 
20-25 percent of pozzolanic material. 


Authors state that mixes containing the 
blended binders in the amount of from 300 
to 400 kg per cu m, yielded concretes having 
compressive strengths in the range of 75-100 
kg per sq cm (1060-1420 psi) and masonry 
mortars with compressive strengths of 25-75 
kg per sq em (360-1060 psi). All mixes with 
a binder content in excess of 200 kg per cu m 
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have withstood 20-25 cycles of freezing and 
thawing. 

Authors point out that the amount of 
hydraulically active pozzolanic material added- 
to the binder must be sufficiently small to 
maintain the concentration of calcium oxide 
in an aqueous solution during the first 2-7 
days of hydration below the level of 0.7-0.9 


g per l. 


Time deformation studies of two ex- 
panded shale concretes 
Gorpon W. BreEcrort, me oe Highway Re- 
search Board, V. 37, 1958, pp. 90-105 

AvutHor's SUMMARY 

Reports tests on concretes made with 
shale aggregates produced in Oregon. Light- 
weight concrete mixes were developed having 
workability and strength suitable for use in 
prestressed members. Creep and shrinkage 
were measured in prisms cast from selected 
mixes. 

By comparison with other test results, 
time deformations reported for the expanded 
shales are not particularly higher than those 
found for sand and gravel concrete of equal 
strength. However, measured deformations 
greatly exceeded those provided for in typical 
recommendations for estimating losses in 
prestressing steel. 


Creep of plain concrete (Das Kriechen 
unbewehrten Betons) 
Orro Waaner, Bulletin No. 131, Deutscher Ausschuss 
fir Stahlbeton (Berlin), 1958, 74 pp., 20 DM 
Reviewed by J. F. LeppMann 
A comprehensive presentation of all avail- 
able test results and theories on creep of 
plain concrete under constant stress and a 
critical evaluation of their adequacy for 
predicting either the creep strain or the ratio 
of creep to elastic strain and the creep-time 
function. Only the proportionality of creep 
to the load intensity (within the limit of 
working stresses, to the percentage of cement 
paste in the concrete, and to the square of 
W/C appear to the author as securely estab- 
lished. 


More research is needed to determine the 
influence of the mineralogical composition, 
the shape and the grading of the aggregate, 
the chemical composition and the fineness of 
the cement, the size and shape of the con- 
crete specimen, the mode of compaction, 
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the age and degree of hardening at the time 
of loading, and the humidity and temperature 
of storage before and after loading. An all 
inclusive mathematical creep-time function 
has still to be worked out. 

Numerous graphs and tabulations and an 
extensive bibliography accompany the text. 


Contribution to the problem of strength 
(Prispevok k problémom pevnosti be- 
ténu) 
A. Pavurx, Stavebnicky Casopis Slovenské Akadémia 
Vied (Bratislava), V. 6, No. 2, Apr. 1958, pp. 97-115 
Reviewed by J. StorK 
Deals primarily with the ‘fundamental 
strength” (Urfestigkeit) of concrete which is 
understood as a stage of concrete loading 
representing the limit the structure can with- 
stand under given conditions and still per- 
form its given function. This stage is de- 
fined by initial structural cracking of con- 
crete. On the basis of ultrasonic investiga- 
tion of the structure of concrete, relations 
have been derived between relative longi- 
tudinal deformation by ultimate fundamental 
load and Young’s modulus of elasticity. 
These relations have been confirmed by tests. 
The second part deals with problems of 
flexural strength of concrete members. At- 
tempts are made to explain some phenomena 
known from bending tests. It is suggested 
to use “fundamental strength’? as a char- 
acteristic of concrete. 


Lightweight aggregate concrete made 
with artificial aggregate (Lahké betony 
s umelym kamenivom) 
F. Krumt, Stavebnicky Casopis Slovenské Akadémia 
Vied (Bratislava), V. 6, No. 3, June 1958, pp. 146-154 
Reviewed by J. SrorK 
Describes tests of structural properties of 
lightweight concrete made with keramzit 
(expanded clay), weighing 390-830 kg per 
cu m, giving concrete having volume weight 
500-2000 kg per cu m, and compressive 
strength of 5-500 kg per sq cm (70-7000 psi). 
On the basis of numerous tests the author 
extends the theory of strength of lightweight 
eoncretes to ‘‘no-fines” concretes as well as 
compact lightweight concretes. Results 
have proved that compressive strength of 
lightweight concrete should be treated on the 
basis of principles different from those for 
conventional concrete. Several new_ rela- 
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tions are given to be used for proportioning 
of concrete mixes of various volume weights 
and predetermined compressive strength. 
Data are shown on tensile strength, bond, 
and Young’s modulus of elasticity of light- 
weight concrete. 


Instructions for composition and fab- 
rication of concrete with desired prop- 
erties (in German) 
Kurt Wauz, Beton- und Stahlbetonbau (Berlin), V. 53, 
No. 6, June 1958, pp. 163-169 
Reviewed by J. F. Lpppmann 

Summarizes and explains standard in- 
structions on the selection, storage, handling, 
measuring and mixing of component ma- 
terials. Discusses the effects of cement type; 
W/C; quantity of cement paste; quality, 
grain size, and grading of aggregate; con- 
sistency; workability; compaction; curing; 
and age of concrete on its strength, weather 
resistance, permeability, and resistance to 
chemicals. The influence of W/C in com- 
bination with various cement types on the 
strength of concrete is illustrated by a graph 
which was developed on the basis of minimum 
results of numerous test series. 


Alkali-aggregate reaction in concrete 
Research Report No. 18-C, Highway Research Board, 
Noy. 1958, 51 pp. $1 

More than a dozen contributors took part 
in this discussion sponsored by the Highway 
Research Board Committee on Durability 
of Concrete—Chemical Aspects. It is pre- 
sented in three parts: one dealing with field 
experiences; a second with the laboratory 
tests that have been devised to detect po- 
tentially reactive aggregates; and the third 
with theoretical considerations and present 
research.. These reports and discussions 
were not meant to cover all phases of the 
problem nor has the committee attempted to 
evaluate the data or discussions. 


Rheology of concrete (in Russian) 
A. A. Pavuik, Beton i Zhelezobeton (Moscow), No. 10, 
Oct. 1958, pp. 372-378 
Reviewed by D. WatTsTEIN 

Presents results of an experimental and 
analytical study of the various factors affect- 
ing the mobility of concrete mixes. Among 
the factors studied were grading of fine and 
coarse aggregate, cement. factor and amount 
of extremely fine’ material (—0.1mm) in the 
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mix. The properties of the concrete mixes which should be kept in mind where speci- 


covered by the investigation were the vis- 
cosity of the mix (with and without plas- 
ticizer), segregation under vibration sus- 
tained up to 5 min and the mobility of the 
concrete measured by a flow apparatus de- 
veloped by the author. 

The author asserts that economies in the 
use of portland cement can be achieved by 
improving the grading of the fine and coarse 
aggregate. 


Corrosion of reinforcing steel in con- 
crete in marine atmospheres 

Lewis and CopenuaGEN, South African Council for 
Scientific and Industrial Research, Pretoria; reprinted 
from South African Industrial Chemist, V. 11, No. 10, 
Oct. 1957, 14 pp. 

Accelerated corrosion tests in a salt spray 
cabinet using steel reinforced mortar speci- 
mens have indicated that factors of consid- 
erable significance are: cover to the steel, 
protective coatings to the mortar, curing, 
and water-cement ratio of the mortar. The 
effects of these variables on corrosion preven- 
tion are given. 


High-pressure test for determining air 
content of hardened concrete 
E. E. McCoy, Jr., Miscellaneous Paper No. 6-286, 
U.S. Army Engineer Waterways Experiment Station, 
Vicksburg, Oct. 1958, 24 pp. 
Avurnor's SUMMARY 

A high-pressure test apparatus and method 
developed from one originated by the Illinois 
Division of Highways was studied using 6x 
12-in. concrete cylinders. In this method a 
specimen is submerged in water in a strong 
sealed container and subjected to 4000 psi 
hydraulic pressure. The ensuing apparent 
volume change is used to determine the a- 
mount of air present in the specimen. Re- 
sults of tests are reproducible and discrimi- 
nating, agreeing generally with tests by 
previous investigators and showing excellent 
agreement with carefully performed micro- 
metric air determinations. The apparatus 
appears to be suitable for routine tests of 
large numbers of specimens and can be con- 
structed at a reasonable cost; many tests 
can be run in one day—easily 12, and possibly 
40-50 per day with experienced operators. 
However, it appears that the high-pressure 
test might have an appreciable effect on the 
physical properties of the test specimens, 


mens are to be tested subsequently for 
physical properties other than air content. 
Construction drawings are included in the 
report, and a test method is given in an 
appendix. 


Structural Research 


Model tests in Portugal 
Manvat Rocua, Civil Engineering and Public Works 
Review (London) V. 53: Part 1, No. 619, Jan. 1958, pp. 
49-53; Part 2, No. 620, Feb. 1958, pp. 179-182 
Reviewed by Gunuarp-Agstius ORAVAS 

A general description of a series of experi- 
mental model analyses for wind loaded high 
structures, arched bridges, dams, turbine 
spirals, high tension towers, aqueducts, 
framed structures, skew bridge slabs, ribbed 
domes, and vibration study of high monument 
structures. 


Simple method of applying electric 
strain gages to concrete reinforcing 
bars 

Grorce G. Goste, The Trend in Engineering at the” 
haben of Washington, V. 10, No. 4, Oct. 1958, pp. 
Shins Reviewed by Aron L. Mirsky 

Method described was developed for use 
in research on ultimate strength of doubly- 
reinforced concrete beams, requiring about 
30 minutes from start of test to failure of 
beam. It parallels methods previously de- 
veloped in many laboratories for tests re- 
quiring appreciable lengths of time, but is 
simpler. 

Investigations of effect of concrete shrink- 
age on the gages, methods of compensating 
for temperature changes, selection and mount- 
ing of gages on the concrete in the compression 
zone of the beams, and detection of type of 
failure and point of first yield, are also. 
reported. 


Bond strength of deformed bars 


Axe. Ersen, Nordisk Bet Stockholm), V. 2, No. 3, 
1958, pp. 321-324 sod ap 2S 


Reviewed by Margaret Corsin 


In previous paper, the author suggested a 
rating for bond of concrete to deformed rein- 
forcing bars of various types. This paper 
describes tests conducted at the Laboratory 
of Applied Mechanics of the Danish Institute 
of Technology to substantiate this classifica- 
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tion. The test specimens were spiral splices 
subjected to pull-out tests, the length of the 
splice being so short that pull-out and not 
rupture of the main bar took place. With 
“W.G’’ steel accepted as a standard of 100 
percent, Kam-Steel was rated as 92 percent, 
and Tor-Steel as 54 percent. 


Reinforcement for autoclaved sand- 
ns mixes (in Russian) 


M. Janxauskas, Beton i Zhelezobeton (Moscow), 
No. 9, Sept. 1958, pp. 341-343 


Reviewed by D. WarstTEIn ~ 


Describes bond tests made with beams and 
pull-out specimens of autoclaved sand-lime 
mixes. Three types of reinforcement were 
included: plain bars, indented bars, and hot- 
rolled deformed bars. Compressive strengths 
of the sand-lime mixes ranged from 1600 to 
3100 psi, and ratios of reinforcement ranged 
from 0.42 to 1.35 percent. 

Concludes that the load carrying capacity 
of beams made of autoclaved sand-lime 
mixes cannot be fully developed with plain 
or indented reinforcing bars. Recommends 
that only hot-rolled deformed bars be used in 
beams of this type. 


Fatigue limit of reinforced concrete 
under repetitive loads (in Russian) 
A. I. Ivanov-Diattov, Beton i Zhelezobeton (Moscow), 
No. 9, Sept. 1958, pp. 353-356 

Reviewed by D. WarstTEIN 

Author carried out fatigue and static 
load tests at the Moscow Highway Institute 
to determine effect of pulsating loads on the 
propagation of cracks, change in the flexural 
rigidity, and the flexural strength of beams. 
The specimens were beams 8x 20 -cm in 
cross section and had a span of 100 cm. The 
pulsating load was applied at a rate of 500 
cycles per min. 

The tests showed that web reinforcement 
increases the fatigue limit of reinforced con- 
crete beams. Beams containing bars 6.5 
mm in diameter sustained 2,000,000 cycles of 
a pulsating load equal to 65 percent of the 
ultimate static load, while beams with 19 mm 
bars sustained a pulsating load equal to 60 


“percent of the ultimate static load. 


The static strengths of beams which had 
sustained 2,000,000 cycles of a pulsating 


load were peal the same as the static 


strengths of beams which had not been sub- 
< 
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jected to a pulsating load, and sometimes 
even exceeded them. It was also noted that 
web reinforcement, consisting of welded wire 
fabric or stirrups welded to longitudinal rein- 
forcement, may give rise to a brittle failure at 
welds. 


General 


Concrete structures at the Brussels 
World’s Fair (in Dutch) 
E. Vaucxr, Cement (Amsterdam), V. 9, No. 11-12, 
Dec. 1957, pp. 434-462 
Reviewed by Joun W. T. Van Erp 

Of the many interesting structures the most 
spectacular are described: the 1400 ft long 
street car tunnel, the 1300 ft long viaduct in 
prestressed concrete, and the civil engineering 
pavilion. Part of the latter is an extremely 
daring construction of a footbridge over a 
1g acre relief map of Belgium. The foot- 
bridge is a 314 in. slab suspended by cables 
from a gigantic concrete cantilever arm 80 
ft above the footbridge. This girder, an in- 
verted A cross section, cantilevers out over 
264 ft. It tapers down toward its canti- 
levered end so that it is of uniform strength. 
Stresses“are the same in each cross section. 
Wall thickness of the A-section tapers from 
only 114 in. to 5% in. 


Concrete gasholders (in Dutch) 
Cement (Amsterdam), V. 10, No. 21-22, Oct. 1958, pp. 


897-900 
Reviewed by Joun W. T. Van ERP 


Article is based on the German book by 
Petermann, “Gasbehaelter in Stahlbeton.” 
Most used system is the storage of gas under 
a horizontal disk sliding up and down in 
cylindrical tank. Critical point is tightness 
of the joints; various systems are described. 
Construction systems for tank wall (slip- 
forms, prefabricated elements) foundations, 
etc., are discussed, also system for heating of 
tank wall. 


Concrete pocketbook 1958 (Betonka- — 
lender 1958) 


Parts 1 and 2, Wilhelm Ernst and Son, Bee 
Reviewed by Joun W. T. Van Erp 
The yearbook, still in handy pocketsize, 
becomes more extensive every year. In 
addition to its usual contents about design 
and construction, the first part contains as 
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new additions: tables for uniformly loaded 
rectangular plates which permit a rapid but 
more accurate determination of the moment 
distribution throughout the entire slab area. 

There is a chapter on an abbreviated 
method of moment distribution and a chapter 
on composite beam construction, showing a 
great variety of shear connectors. The 
second part shows even more changes, like 
the chapters on: prefabricated elements, con- 
struction methods, road construction, and 
walls in tall building construction. 


Autogenous pressure welding, a new 
welding method for concrete reinforce- 
ment (Die autogene Preszschweiszung 
ein neves Schweiszverfahren fiir Be- 
tonstahl) 
W. Arnps and J. Bonzex, Der Bauingenieur (Berlin), 
V. 33, No. 4, Apr. 1958, pp. 138-144 

Reviewed Aron L. Mirsky 

The history of pressure welding, descrip- 
tions of commercial apparatus for pressure 
welding reinforcing bars, and results of 
various tests of the welds are given. 

Can the simplicity and ease of use of the 
apparatus, and the high quality of the joints, 
portend the ultimate elimination of bar lap- 
ping, with all its attendant ills? 


Swimming pool—aquarium (in Dutch) 
Cement (Amsterdam), V. 10, No. 21-22, Oct. 1958, pp. 


877-878 
Reviewed by Joun W. T. Van Erp 


This structure at the trade fair in Milan, 
Italy, is intended to be used for the study of 
human behavior under water: frogmen, div- 
ers, ete. It is a tank 27 ftx13 ftx10 ft 
with glass paneled walls set in a concrete 
frame. Bottom is also of glass panels for ob- 
servation from below. Glass is double plate 
with a sheet of plastic in between (safety 
glass). For best visibility columns are kept 
slender. 


Cement concrete in art (in Dutch) 
H. op pp Laak, Cement (Amsterdam), V. 9, No. 1-2, 
Feb. 1957, pp. 24-29 
Reviewed by Joun W. T. VAN Erp 
Describes and illustrates numerous ways 
in which concrete has found application for 


_art and decorative purposes. Various meth- 
ods are described in detail such as concrete’ 


relief work used for walls and panels, ex- 
terior or interior. The decoration is applied 
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on the inside of the forms and thus becomes 
part of the concrete panel. Another tech- 
nique is glass in concrete; concrete panels in 
which glass blocks or fragments of heavy glass 
are imbedded so that a certain ornamental 
effect is obtained. Striking effects are pos- 
sible through the use of colored glass. These 
panels are used for exterior walls. A tech- 
nique for interior panels or walls is so called 
Sgraffito. Concrete consists of layers of 
different colors. By scratching certain thick- 
nesses away colors are exposed and the de- 
sired color pattern is achieved. 


Welding of high strength steel (in Dutch) 
G. Sarr, Cement (Amsterdam), V. 10, No. 13-14, Feb. 
1958, pp. 563-566 
Reviewed by Joun W. T. VAN Erp 

This high strength steel (Torstahl) is cold 
deformed and its greatest strength improve- 
ment is at the surface. Jelding is quite 
possible but only permissible by resistance 
buttwelding, and under strictly controlled 
conditions. Local building departments al- 
ways require special permits for it. esis 
details of welding procedure. 


Masters of modern architecture 
Joun Perer, George Braziller, Inc., New York, 1958, 
230 pp., $15 

An art book of modern architecture. A 
“strong’’ and interesting introduction leads 
into a photographic display of the work of 
more than 60 architects. Many of the struc- 
tures have used concrete in interesting, eco- 
nomical, and structurally sound ways (for 
example the works of Le Corbusier, Maillart, 
Nervi, Torroja, and Niemeyer). There are 
also some notable omissions such as the work 
of Candela, Stone, and others. 

Although the photographs are outstanding 
and the layout “arty’’ there is no logical 
arrangement of illustrations; that is, the 
work of various architects is not kept to- 
gether nor as a second choice are the projects 
arranged chronologically or by type of struc- 
ture. Descriptive captions appear not with 
the pictures themselves (where they would 
have been most helpful) but in an appendix. 
It is somewhat disappointing also that the 
descriptions are so brief, since in many in- 
stances interesting architectural and struc- 
tural details could have been added with only 
small extension of the text. 
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Title No. 55-69 


Qualification Plan for 


READY-MIXED CONCRETE PLANTS 


By C. E. PROUDLEY 


The North Carolina State Highway Commission lists ready-mixed concrete 
plants approved as sources of concrete for state highway work on the basis 
of periodic checks by its engineers and inspectors. Ratings of plants on the 
approved list are based on plant equipment and layout and on qualifications 
of the plant employees. An inspection classification further indicates whether 
there is need for close scrutiny by the consumer, or if the plant may be trusted 
to apply conscientious control of quality and uniformity. Materials used by 
the approved plants are inspected and tested by highway commission facilities, 
and a training program qualifies plant employees as concrete technicians. 


@ More ran 90 PERcENT of the portland cement concrete used in struc- 
tures on North Carolina state highway projects is supplied by ready-mixed 
concrete plants. There are currently about 107 plants operating in the state, 
of which 97 have been approved as sources of concrete for highway work. 
Several approved plants are in neighboring states close to the border. 

Approval of facilities, methods and materials for concrete is the responsi- 
bility of the department of materials and tests for all highway work. Re- 
peated use of the same ready-mixed concrete plants for state jobs made it 
apparent that certain plants were producing uniformly acceptable concrete 
while others could supply concrete meeting the highway specifications only 
after major rearrangement of stockpiles and equipment to comply with the 
details of the standard specifications. For a brief period the list of approved 
plants existed only in the minds of the concrete engineers and inspectors from 
the central laboratory. 

As requests from resident engineers became more numerous for inspection 
of plants from which contractors informed them they intended to purchase 
concrete, we began listing plants whose concrete had been used successfully 
and that were equipped as required. These lists were distributed to the high- 
way division offices to expedite answers to such inquiries. We recognized 
also a considerable number of plant owners who did not comply with specifi- 
cations but this information was not listed. 


Since ready-mixed concrete today comprises a sizeable portion of the nation’s 
concrete operations, its inspection and control assume at least proportionate 
importance in the area of concrete inspection. For this reason, and because 


ready-mixed concrete production often presents special fos in its inspec- 


tion, ACI Committee 611, Inspection, is particularly pleased to endorse the 
approach to this type of inspection described by Mr. Proudley. 


1165 


1166 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


ACI member C. E. PROUDLEY has been state materials engineer, North 
Carolina State Highway Commission, Raleigh, since 1936. Mr. Proudley was 
head of the first portland cement research laboratory of the U. S. Bureau of 


Public Roads in 1925-27, and served as research engineer for the National 
Sand and Gravel Association and the National Ready Mixed Concrete Asso- 
ciation 1927-36. He received his BS and CE degrees from George Wash- 
ington University. 


When knowledge of the list of approved plants became more widespread 
many operators requested approval of their plants. Inspection of plants 
in the early days revealed a woeful lack of technical ability and planning in 
most cases. Only a few were acquainted with any type of specifications, and 
not a few expressed their indifference to learning about them or interest in 
revising their plants or equipment to supply state highway jobs. Word was 
not long in getting around among contractors, engineers, and architects 
and the ready-mixed concrete plant that was not on the state highway com- 
mission’s approved list was viewed with suspicion even though the price was 
“right.””. More applications for approval began rolling in from plants which 
still disclaimed any interest in highway work. 


BASIS FOR APPROVAL 


The procedure is to have one of the inspectors or engineers from the central 
laboratory visit the plant when requested and discuss the highway com- 
mission’s standard specifications with the owner or manager. This first 
contact is usually revealing in such matters as technical ability and probable 
cooperation. A tour of his plant tells the rest of the story. “Housekeeping” 
is an important consideration in judging an operation. 


The highway commission’s standard specifications are the basis for plant 
inspection; however, a number of details are not covered by them. The 
ASTM C 94 specifications are referred to as supplementary to the state’s 
standards although neither is fully comprehensive. Some requirements are 


imposed arbitrarily in the interest of control especially since qualified super-. 


vision and inspection during construction are likely to be absent. In other 
words, we make rules as we see the need for them but apply them to everyone 
alike and explain our purposes in establishing the requirements. We violate 
certain standard requirements with the same thoughtful care and reasoning. 


In August 1958, Report No. 18, “Approved Ready-Mixed and Central- 
Mixed Concrete Plants,” was released in a memorandum to state highway 
engineers, resident engineers, ready-mixed concrete producers, and contrac- 
tors. The text of the memorandum is pertinent to a description of the meth- 


ods of approving the plants, therefore, it is quoted here with but little con- 
densation. 
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READY-MIXED CONCRETE PLANTS 1167 


“The attached list shows ready-mixed concrete plants which have been inspected, and 
at the time of inspection were approved as a source of supply of portland cement concrete 
‘for use in state highway work. 

“The engineer in charge of the work on which concrete from any of these sources is to be 
used should, nevertheless, examine the equipment for compliance with the requirements to 
be found in Section 160-3.1 on p. 188 and Section 160-3.8 on p. 201 of the 1952 ‘Standard 
Specifications for Roads and Structures.’ Attention is called especially to the requirement 
that each transit mixer shall be equipped with a revolution counter in satisfactory working 
condition. 

‘Ready-mixed concrete is acceptable only so long as there is a representative of the com- 
mission present at the plant during batching for state work, except as otherwise provided 
for below, and it is his duty to verify the accuracy of the scales by means of the standard 
50-Ib test weights which the ready-mixed concrete operator must have available. 

“Sampling and testing of cement at all approved ready-mixed concrete plants must be 
done in the following manner. An approved representative of the ready-mixed concrete 
company shall secure a }4-gal. sample of cement from each car. The sample shall be taken 
from the car and not from the bins; and shall be taken just prior to loading the cement into the 
bins. The sample shall be put into a friction top metal can, properly sealed against mois- 
ture, and identified as to date sampled, brand of cement and mill, car number, number of 
barrels of cement in car, and date cement arrived at the ready-mixed concrete plant. Hach 
sample, shall be given a sample number, beginning with number one, and the numbers shall 
run consecutively for all samples taken during one year with the last two figures of the year 
being part of the sample number. . . . 

“These samples shall be stored in a suitable place at the ready-mixed concrete plant until 
the total number of samples stored represents a quantity equal to twice the capacity of the 
bins. Then, when an additional sample is taken, the oldest of the stored samples may be 
discarded so long as there is maintained at all times a sufficient number of the newest con- 
secutive samples to represent twice the capacity of the bins. . . . 

“When concrete is to be delivered to state highway work, the state highway inspector shall, 
on the first day that concrete is delivered, secure from the ready-mixed concrete operator 
the samples representing the last two cars of cement loaded into the bin and send them to 
the laboratory properly identified as to project, etc., for testing. . . . 

“The laboratory has inspectors who are assigned to inspection of all aggregates produced 
for state highway use and the fine and coarse aggregates shipped to the ready-mixed con- 

- erete producers listed, but if there is any question as to compliance of the aggregates with the 
applicable requirements for grading or cleanness, representative samples of the materials 
should be submitted to be tested before use. It is recommended that you communicate with 
the division materials inspector for the division in which the work is located. 

‘Ready-mixed concrete producers listed are requested to always insist on being furnished 


state highway inspected aggregates whenever placing their orders. 


“The correct proportions for various combinations of aggregates should be secured from 


the Raleigh laboratory. 

“Consideration for the problems of the ready-mixed concrete operator is urged, especially 
in the matter of notifying him of anticipated concrete requirements at least 24 hr in advance. 
Preliminary examination of equipment and materials should be made sufficiently in advance 
to permit him to rectify any irregularities before concrete is needed. Cooperation between 
the engineer, the contractor, and the ready-mixed concrete producer should result in a high 
degree of efficiency and good quality of concrete. The laboratory has representatives who 


will be glad to assist at all times. 


“The method of classification of ready-mixed 
on the basis of the plant equipment, and ‘1’ or 


concrete plants classifies a plant ‘A’ or ‘B’ 
‘9’ on the basis of the inspection and control 


_-that is to be applied to the plant. 
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CHECK LIST FOR INSPECTION OF TRANSIT AND CENTRAL MIX CONCRETE PLANTS 


De ment of Materials and Tests 
North Carolina State Highway Commission 
Raleigh, North Carolina 


PLANT INSPECTED: eee DATE: 
LOCATION: 
OFFICIALS: 
Is Type plant:: . Transit Captral 
II Stockpile: 
Condition: Seg: ted Ya___-_. No _—__. _Fordgn matte: Ye 
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Method of handling aggregate: Belt. Crane______ Bucket__P roperly partitioned: Yes_____No_____ 
Sand stockpiled 12 hours or more. Yes___-_._ No. 
Stone stockpiled 12 hours or more. Yes___._ No. 
Sand stockpiled at: RM plant... Pit. 
Stone stockpiled at: RM plant______ Pit_____._. Quarry_____ 

Does RM plant stockpile nonspecification materials? Yes_._._ No. 
If yes, are these materials properly separated from specification materials? Yes... +‘ No____ 


Aggregates: 
Source of supply of fine aggregate:____.....___ Source of su aggregate: a Se 
Are all materials ordered to comply with North Carolina State Hig! fat haley ore Specifications? Yea... Nos] 


Scales 
Cement: 
ele 
Dial___Capacity________ Increment____ 
Bea: Capacity_____Increment_______Number of beams___ 


Do scales ra ed with: specifications? Ye +9 No_______ 


Aggregates 
Dial SS. Capanity = S ingrenient Se 
Beam________Capacity_________Increment________Number of beams________ 
Do scales comply with specifications? Yes... = = No____ 
Separate scales for bia tne iatregnvel ea Nes 
(One eta 2 (for truck-mixer loading) 
Grerai condition of sole’ hued aa etc.) 


Bins and hoppers: 

Number of bin compartments for sand__..... Number of bin com ents for stone____ 

Number of bin on an for gravel___ Number of bin compartments for others___. What others?__ 

eer earthen: h vibrator. Y: jo Agrees ped with vibra Yes_Ni 
ement hopper equip with vibrator. Yes__ te hopper equip: with vibrator. Oi 

Operation of ho oe men No ses why = 


ppere is satisfactory: 
Type of cement bin____, number of SS oe capacity of each bin. 
Water: 


Type of water measuring device: 
5 hl eae antag 


$ eter—____Truck mixer tanks_______Gravity tank__$_______ 
Automatic_______mManual_________Meets specifications Yes__.____—SsNo. 


Brands used for: Automatic Manual 
() r air oe pane opeiithideaee tenis 
c 


) snpsleenton 


Mixers: 
Central mixer: 
Condition of dru Condition of blades ee 


[ee ee ae EE a 8 
Does automatic timing device meet specifications? Yes... == No________ 
Truck mixers: 


Number of mixers equi ith counte aie an 
Mixers added to fleet upped wit counters____________Type of counters 


p a7 eee ee 
Mixers deleted from fleet since last lospection : 
Mixers now failing to meet specifications: 
Truck No, Reasons for failure 
en es npcanieeerunanche ee 
ON Ee ee eee 


Testing of materials: ; 
Pee Aceh) ee, Ee LE Batopler taken 66.25 ee 
seme g ste hap aie non-state work designed by aihbke Tiab rrr == 

‘es cone made vaila i TOW. ee 
Tests of aggregates pectoraied at plant by. eas peza ey erence 


Testing goguipment complying with specifications: 
Test weig pg. ear 


See pp. 4 and 5, hs (a) t h of th i i i 
ioc enn pareaten a) through (p), the Proposed Basis for Classification of Approved Ready- 


General attitude of 


General condition o Dan 


Any further remarks 
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“An ‘A?’ classification for equipment indicates that all equipment complies with all re- 
quirements of the standard specifications. (See check list, p. 1168.) A ‘B’ classification in- 
dicates that one or more pieces of equipment vary from specification requirements, but the 
use of this equipment has been approved provided it is used in a manner designated by the 
department of materials and tests. 

“An inspection classification of ‘1’ indicates that the plant employs a full-time concrete 
technician who has been certified by the state highway commission and whose sole duty, 
while concrete is being delivered to state highway work, is to have charge of and exercise 
close supervision over the production and control of the concrete. 

“Plants which do not employ a certified concrete technician are given an inspection rating 
of ‘2,’ and must have a state highway inspector present when batching out for state high- 
way work. 

“Any plant may improve its rating at any time by complying with the appropriate require- 
ments. 

“The two columns [in the list of approved plants] headed ‘Approved Transit Mixers’ in- 
dicate the number of approved mixer units, and the capacity of each, available at each ready- 
mixed concrete plant. This information is included primarily for use of engineers and con- 
tractors purchasing concrete for use in state highway work in estimating the rate of delivery 
of concrete that may be expected from any plant. 

‘“Ready-mixed concrete plant managers should notify the department of materials and 
tests of any changes to be made in the information furnished in the list. Revised lists will 


be distributed from time to time.” 


HOW THE REGULATIONS ARE APPLIED 


A brief discussion of some of the paragraphs in the above quoted mem- 
orandum accompanying the list of plants may be of interest. Inspectors 
and engineers under the supervision of the Raleigh laboratory make the 
rounds of the approved plants and with the aid of the check list shown on 
the opposite page reinspect for continued compliance with requirements for 
approval. It is not unusual to put a plant on notice that it will be removed 
from the list unless corrections of inadequate conditions are made immediately. 


Sometimes the local resident engineer detects some irregularity and notifies 


the laboratory or its representative. 


Inspection of materials 

The method of testing cement is recognized as considerably less than 100 
percent effective but the spot check method has served to keep the cement 
mills alert to the necessity of shipping only that product which will pass all 
tests since they never know what car will be tested by the state highway 
laboratory, and they are extremely jealous of their reputations for consistent 
quality. We are sure to test some of the cement being used in each project 
and considering the volume of cement used through ready-mixed concrete 
plants it is probable that we test some from every bin used to supply North 


Highway materials inspectors maintain close control and records of the 
aggregates produced throughout the state and nearby plants in other states. 
By examination of shipping schedules at the aggregate plants, notification 


is given to the local inspectors at the various ready-mixed concrete plants in 


proval of the aggregates for grading, clean- 
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ness, and quality. Although it may appear that much nonhighway inspec- 
tion is performed, it does not involve an appreciable increase in the inspector’s 
obligations or work. We admit performing valuable service to the concrete 
producers at no expense to them but it appears to be the most efficient method 
under prevailing circumstances. 


Delivery schedules 

Scheduling of delivery of concrete is recognized as one of the most im- 
portant factors in securing a satisfactory job. We recommend but can do 
little to enforce the giving of ample advance notice since this is by agree- 
ment between the contractor and his supplier. However, if it is obvious 
that the ready-mixed concrete plant is the cause of continual delays, that 
plant is removed from the approved list. 


Plant facilities 

Classification of plants to give some indication of their ability to supply 
- concrete of uniform characteristics meeting specification requirements must 
give separate consideration to plant facilities and personnel since either one 
alone cannot guarantee good concrete. Plants that do not have reliable 
scales, water measuring devices, uncontaminated stockpiles, and other fun- 
damental facilities are not approved. If, however, the scales are accurate 
but the same dial scale is used to weigh both cement and aggregates, the 
plant may be approved if no other violation of the standard requirements 
exists. Also, if there are three or more transit mixers fully approved the 
plant may have any number of truck mixers that are not approved so long 
as no unapproved mixer is used for state highway work. Several other non- 
standard conditions are allowed but in every instance the plant management 
is urged to change to standard equipment as soon as economically feasible 
and, generally, they do. 


Stockpiling aggregates and handling cement are items of major importance 
and some of the small plants are watched with more than average inspection 
for careless handling. Several warnings may be followed by disapproval 
even though the plant has no contract for state highway work. 


Personnel training 


A campaign has been in progress for over 6 years to train ready-mixed 
concrete plant personnel in all phases of their responsibilities with considerable 
success. Several 3-day sessions are held each winter in the Raleigh lab- 
oratory. Plant operators and state highway employees are urged to attend. 
Instruction is basic and those who wish may take an examination for regis- 
tration by the highway commission as “Certified Concrete Technician.” 
The examination requires about 3 days and consists of two written parts, 
one with and the other without text books, on matters of proportioning and 
adjustment of concrete mixtures; another part to demonstrate ability to 
perform tests of aggregates and concrete properly; and a final demonstra- 
tion of how to apply quality control to a ready-mixed concrete operation. 
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Although the number of individuals certified is not as great as is desired 
the interest in plant control has been encouraging. The attitude of the in- 
dustry has been very cooperative, and the reduction in complaints from con- 
tractors and highway engineers is reassuring. Much credit must be given 
to the concrete engineers and inspectors from the department of materials 
and tests as well as to the progressive management of the plants among 
whom there is generally maintained a high degree of mutual respect. 


Received by the Institute Oct. 16, 1958. Presented at the ACI 55th annual convention, Los Angeles, Calif., 
Feb. 95,1959. Title No. 55-69 is a part of copyrighted Journal of the American Concrete Institute, V. 30, 
No. 11, May 1959 (Proceedings V. 55). Separate prints are available at 50 cents each. 
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med on two types of concrete, each proportioned for the same 
ontained only “accidental” air, while the other con- 
tained intentionally entrained air which was maintained at a constant level. There was 
little variation in the ages of the specimens which were tested at stress levels of 50, 60, 
70, 80, and 90 percent of the ultimate static compressive strength of the respective mixes. 
Within the limits of the investigation, the fatigue behavior of air-entrained plain concrete 
is similar to that of non-air-entrained plain concrete. However, the air-entrained con- 
crete was more uniform than the non-air-entrained concrete with regard to both fatigue 


and static strength properties. 


Fatigue tests were perfor 
28-day compressive strength; one c 


INCREASED NEED for information concerning the be- 
havior of concrete under repeated applications of loads that are less than the 
ultimate. This type of loading, known as a fatigue loading, does not occur 
as frequently as the steady or static type, but it is just as important a factor 
in design for those cases where it is present. 

Experience has shown that it is insufficie 


fatigue strength of the concrete at a specifie 
certain metals, the value of the fatigue limit; he needs to know the shape 


of the S-N curve (S = testing stress level; N = number of cycles for failure). 
From the S-N curve he can relate his particular working stresses to a fatigue 
life or, knowing the number of cycles of stress a structure will receive in its 
lifetime, he can select the maximum stress which will not cause failure. The 
particular fatigue limit of concrete which is of greatest concern is that limit 
for cycles of stress varying from zero to a maximum in one direction only. 

Although there has been no information reported on the fatigue behavior 
of air-entrained concrete, it is known from many studies’ that many prop- 
erties of concrete are altered by the addition of entrained air; hence, the 
question naturally arises as to what effect entrained air has on the fatigue 
properties of concrete. Work reported in this paper had as its objective the 
establishment and comparison of S-N curves for non-air-entrained concrete 


and air-entrained concrete. 


@ THERE HAS BEEN AN 


nt for the designer to know the 
d fatigue life, or in the case of 
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highway engineering, and has been active in research on portland cement 
concrete, mineral aggregates, and bituminous materials. He serves on 
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Most of the investigations concerned with the fatigue behavior of plain 
concrete were conducted during 1900 to 1928. Not many general conclusions 
can be drawn regarding the fatigue of concrete since an analysis of the results 
of these early investigations and also the more recent ones, shows that the 
methods of investigating the problem varied considerably. Loading arrange- 
ment, rate of loading, type and size of specimen, and age of specimen are 
only a few of the differences existing between investigations. Nordby? in 
his review of research on fatigue of concrete has summarized the results of 
these investigations. ; 


TESTING PROGRAM 


The tests required for this study were done in two parts. The first part, 
tests on specimens made from a non-air-entrained concrete mix, will be re- 
ferred to as the FN series. The second part, tests on specimens made from 
an air-entrained concrete mix, will be referred to as the FA series. Each 
series consisted of eight batches made periodically during the course of the 
investigation. In general, a batch yielded about 25 concrete cylinders, 3 in. 
in diameter by 6 in. high. 


Materials, proportioning 


The coarse aggregate was a crushed limestone from central Indiana, maximum size 1-in. 
The fine aggregate was a local sand obtained from a river terrace deposit. Type I portland 
cement from a single clinker batch was used in both mixes and Darex, added at the mixer, 
was used as the air-entraining agent for the air-entrained concrete. 


The non-air-entrained mix was proportioned for a strength of 4000 psi and a slump of 3 in. 
The mix had a cement factor of 5.4 sacks per cu yd of concrete and a water-cement ratio of 
0.69 by weight. 


The air-entrained mix was proportioned for a strength of 4000 psi, a slump of 3 in., and an 
air content of 7 percent. The mix had a cement factor of 5.0 sacks per cu yd of concrete and a 
water-cement ratio of 0.61 by weight. 


After 28 days of curing which followed the procedure specified in ASTM C 129-52T, the 
specimens underwent 3 to 4 days of oven drying at approximately 220 F to dry the concrete 
and prevent further hydration. Soon after removal from the oven, each specimen was capped 
on both ends with a sulfur compound and then stored under room conditions until testing. 


Mg 


; ? —_— a lanai inaieinie 
een . shied 


, 


PONY heey 


ara 


Oe el ea 


for their ultimate static compressive strength. 


ER Ee eso 


FATIGUE STUDY OF AIR-ENTRAINED CONCRETE . . es 


Test methods 


Shortly after capping, eight specimens from 
each batch were tested for their ultimate static 
compressive strength. The average ultimate 
strength of these eight specimens served as an 
estimate of the ultimate strength of the 
batch, and the stress levels at which fatigue 
tests were performed were based on this esti- 
mate of batch strength. Following comple- 
tion of the fatigue tests on each batch, the 
remaining specimens in the batch were tested 


The object of these later compression tests 
was to determine if there was any further 
strength gain in the concrete during the time 
taken by the fatigue tests. 

The fatigue tests were conducted, when 
conditions permitted, at stress levels of 50, 
60, 70, 80, and 90 percent of the estimated 
ultimate strength of the batch. A minimum 
stress of approximately 70 psi was maintained 
regardless of the magnitude of the maximum 
stress. 

The process of establishing the desired maximum and minimum loads on the fatigue testing 
machine required a considerable number of cycles; therefore, the loading was set by first 
inserting a dummy specimen in the machine. When the loads were established, the machine 
was stopped and the dummy specimen was replaced by a test specimen. On restarting the 
machine, usually little or no adjustment was necessary to obtain the desired loads. In every 
case, a virgin specimen was used to obtain the information that is reported in this study. Ifa 
test was interrupted for any reason, it was started over again with a new specimen. 

The Krouse-Purdue axial-load fatigue machine used in this study (Fig. 1) is of the constant 
deflection type and derives its force from hydraulic pressure acting on a large piston directly 
connected to the test piece through a piston rod. The load applied by the machine consists 
of two components: a preload and a pulsating load. The preload is directly proportional 
to the average differential pressure existing between the two ends of the hydraulic cylinder, 
and it is controlled by automatically controlling make-up oil pressures. The amount by 
which the pulsating load varies above and below the preload depends on a variable-throw 
crank that can be adjusted before or while the machine is operating. The operating speed of 
the fatigue machine is 1000 cycles per min and the machine has a maximum loading capacity 
of + 60,000 Ib. Magnitude of the applied loads is measured by means of an electronic system 
actuated by a load cell that is a part of the lower end of the load screw. 


Fig. 1—Krouse-Purdue axial-load fatigue 
machine 


DISCUSSION OF RESULTS 


The results of this study and the discussions of these results have been 


_ divided into two parts. The first part is concerned with the analyses of the 


physical properties of the plastic concrete and the hardened concrete used © 
in this research work. The second part covers the results of the fatigue test- 


- ing program. 


Analysis of mix data — ve 
- The purpose of the study was to compare the fatigue behavior of non-air- 
entrained and air-entrained concretes that were similar except for air con- 
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tent. Since the concretes were prepared in batches, the properties of the two 
mixes had to be estimated from the corresponding batch properties. These 
batch properties, slump and air content of the plastic concrete, and strength — 
of the hardened concrete at various ages expressed as means, are shown in 
Tables 1 and 2. ; 
The statistical procedure known as the analysis of variance was used for 
testing for significant differences among the means. Except for some minor — 
adjustments in the tests because of the nature of the data being tested, the © 
data summarized in Tables 1 and 2 were tested by the same methods. The 
non-air-entrained mix and the air-entrained mix were treated separately 
and then a comparison was made of the two mix strengths. All statistical ; 
tests were made at the 5 percent significance level. The results of these 
statistical tests on data collected from over 200 specimens are best summarized 
as follows: 


1. The mean strengths of the non-air-entrained concrete mix and the air-entrained 
mix, 4090 and 4430 psi, respectively, were not significantly different. This statement is 
based on a ¢-test at an alpha level of 5 percent. 


TABLE 1—PHYSICAL CHARACTERISTICS OF MIX FN (NON-AIR-ENTRAINED) 


Average ultimate 
compressive strength 
after completion of * 
fatigue testst 
(7 to 8 specimens tested), 
psi 


Average ultimate Average ultimate 
compressive strength | compressive strength 
after oven drying* 
(8 specimens tested), 


Air 


percent 
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SOM crcr dra 


*Specimen age ranged from 33 to 36 days 
pecimen age ranged from 47 to 65 dae. 
ae gee used in the fatigue tests. 
Specimens tested at 11 
jpecimens tested at a later date. 


TABLE 2—PHYSICAL CHARACTERISTICS OF MIX FA (AIR-ENTRAINED) 


Average ultimate 
Average ultimate Average ultimate compressive strength 
Air compressive strength | compressive strength “or = Mae are of 


content, 


afte’ 
designation | percent oe Sy iae 


(8 specimens tested), 


| | | fen heey ees 


e testst 


at 7 days 
(3 eager" y tested), (7 to 8s ponies tested), 
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*Specimen age ranged from 34 to 36 days. 
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-2. The average air content of the non-air-entrained mix was 0.9 percent and the 
average air content of the air-entrained mix was 8.3 percent. The coefficient of varia- 
tion of the air content for the non-air-entrained mix was an abnormally high 58 percent 
as against a coefficient of 12 percent for the air-entrained mix. 

3. Average slumps of the non-air-entrained and the air-entrained mixes were 4 and 
2 in., respectively, with corresponding coefficients of variation of 40 and 15 percent. 
, 4. There was no significant gain in strength of the non-air-entrained concrete during 
the periods of fatigue testing. 
5. There was a significant decrease in the strength of the air-entrained concrete 
: during the periods of fatigue testing. The decrease averaged 140 psi; however, it was 
assumed that this change did not materially affect the results of the fatigue tests. 


$ Analysis of the fatigue data 
Zz Analysis of the fatigue data given in Tables 3 and 4 was limited by the scatter that is char- 
a acteristic of fatigue test results. The actual range of stress cycles endured is unknown for ° 


both the 50 and 60 percent stress levels of both the non-air-entrained concrete and the air- 
entrained concrete because the testing was stopped when the specimens had sustained ten 


- 
A million cycles without failing. There is, of course, a lower boundary for the data representing 
4 TABLE 3—FATIGUE TEST RESULTS, NON-AIR-ENTRAINED CONCRETE 
a Batch Specimen Maximum Minimum Number of 
‘ designation number fatigue load, Ib fatigue load, lb stress cycles endured 
c FN1 1 14,500 (52)* 500 (1.8)* 10,155,000—>+ 
i? 2 17,000 (60) 500 (1.8) 10,355,000—> 
Z 3 19,500 (69) 700 (2.5) 12,000 
4 4 22,700 (81) 700 (2.5) 282,000 
a 5 25,400 (90) 500 (1.8) 100 
“< FN2 1 12,300 (50) 500 (2.0) 10,568,000—> 
s 2 14,800 (60) 500 (2.0) 10,106,000—> 
ag 3 17,800 (72) 500 (2.0) 31,000 
= 4 19.500 (79) 500 (2.0) 2,200 
o 5 22,200 (90) 1000 (4.0) 900 
s FN3 1 12,300 (51) 300 (1.2) 10,330,100—> 
7 2 14,400 (60) 500 (2.1) 3,630,400 
a 3 16,500 (69) 700 (2.9) 25,800 
a 4 18,700 (78) 700 (2.9) 19,800 
a 5 20,500 (85) 500 (2.1) 300 
4 FN4 1 14,100 (49) 500 (1.8) 10,562,000—> 
+ 2 16,500 (58) 500 (1.8) 10, 472,000—> 
oy 3 19,000 (67) 500 (1.8) 2,349,600 
ar 4 22,600 (79) 800 (2.8) 900 
a 5 — — Not tested 
E 1 = = Not tested 
> se 2 17,400 (60) 500 (1.7) 10,740,000—> 
sr 3 20,300 (70) 500 (1.7) 99,7 
* 4 22,500 (78) 500 (1.7) 1,500 
a 5 26,100 (90) 700 (2.4) 3,700 
4 FN6 1 — — Not tested 
S$ 2 18,000 (62) 500 (1.7) 1,308,400 
pes 3 21,000 (72) 500 (1.7) 278,700 
a 4 24,000 (82) 800 (2.7) 1,000 
“Zz 5 26,500 (91) 500 (1.7) 300 
— =e Not tested 
ae 7 y Nei 
. 3 18,800 (69) 500 (1.8) j 
a 4 21/500 (79) 1000 (3.7) 4'600 
% 5 24,200 (89) 500 (1.8) 10,900 
q — — Not tested 
ay d 17,800 (61) 500 (1.7) 1,388,700 

3 20,500 ee 800 52,200 

4 23,500 (80) ~ 1000 (3.4 1,700 

5 26,700 (91) 500 (1.7) 500 


*Fi i hesis is the fatigue load expressed as a percentage of the average ultimate compressive strength 
of he redone yreohoanes strength haced on 15 to 16 specimens except for Batch FN3 which had 8 specimens. 
+—> indicates that specimen had not failed when test was stopped. ; 
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the 60 percent stress level. It was felt that any curve fitted to all the data for each type of 
conerete would undoubtedly be a poor approximation of the true curve; therefore, the curves 
that were drawn only represent the relationship that exists at the 70 and 80 percent levels. 

Referring to the two S-N diagrams in Fig. 2 and 3, the position of the points on the right 
hand portion of both diagrams suggests that it is unlikely that a definite fatigue limit exists 
in the vicinity of 10 million cycles for either type of conerete. Fatigue test results for the 
air-entrained concrete are characterized by less scatter than the test results for the non-air- 
entrained concrete. 

Comparison of the FA mix to the FN mix—A nonparametric statistical technique was used 
in comparing the fatigue test results from the two mixes, because the type of distribution to 
which the data belonged was unknown. In this analysis a method called ‘““Runs”’ was used.* 
This technique, when used to test the data to which it was applicable, indicates that there is 
reliable evidence at the 5 percent significance level that at the respective stresss levels the 
data are from the same population. 

Linear regression analysis—A consequence of plotting the cycles to failure to a logarithmic 
scale was a contraction or drawing together of the N-values. The data in this transformed 


TABLE 4—FATIGUE TEST RESULTS, AIR-ENTRAINED CONCRETE 


Batch Specimen Maximum Minimum Number of 


designation number fatigue load, lb fatigue load, lb . stress cycles endured 

yee = 18,350 (61)* | 500 (1.7)* 10018 000 > 

3 21,550 (71) ) 550 (1.8) 702,200 ' 

A 23'900 (79) 500 (1.7) 2'800 

5 Loads not verified ~100 
FA3 1 15,800 (51) 400 (1.3) 10,314,000 

2 19,200 (62) 500 (1.8) 6,294,500 

3 22'350 (72) 500 (1.6) 109,400 

4 25,300 (81) 500 (1.6) 600 

5 28'800 (93) 500 re 300 
FA4 1 es eS Not 

2 19,000 (60) 600 (1.9) | 30nd 660" 

3 22'000 (70) 450 (1.4) 204,800 

4 25'300 (80) 600 (1.9) 3.500 

5 Loads not verified ~100 
FA5 1 a ae Not 

2 18,000 (60) 600 (2.0) 9,002, 900" 

3 21,300 (71) 400 (1.3) 1,683,800 

4 24/200 (81) 500 te} 1,500 

5 Loads not verified ~100 
FAG 1 — — 

2 19,500 (61) . 500 (1.6) 10.157, 0004 

3 22'300 (00) 600 tLe 26,900 

4 25,900 (81) 500 Le 3,900 

5 — = Not tested 
FA7 1 15,600 (51) 600 (2.0) 000—>- 

2 18,800 (62) 500 (1.6) 10,288,000—>- 

3 22100 (73) 500 (1.6) 61,800 

4 24,900 (82) 500 (1.6) 600 

5 _— _ Not tested 
FAS 1 14,400 (51 700 (2.5) 000—» 

2 17,400 {3 650 {3 10,109 000-3 

3 20,500 73) 500 (1.8 "215,700 ” 

4 23,600 (83) 300 (1.1 "900 

5 — _ Not tested 
FAQ 1 = - 

2 19,400 (61) 500 (1.6 

3 22,700 (71) 400 18) ae cr 

4 26,000 (82) 500 8) "400 

5 — —_— Not tested 


*Figure in parenthesis is the fatigue load ressed tage i pressive strength 
of the batch. Average strength ieeed on 15 ee 16 spasinenk, Of Sa a Fornhgs tl Bains Sci Bala 
—>- indicates that specimen had not failed when test was stopped. 
ore: Batch FA1 not tested. Fatigue machine under repair. 
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© NOMINAL STRESS LEVEL OF 90% 
O NOMINAL STRESS LEVEL OF 80 % 
CLNOMINAL STRESS LEVEL OF 70 % 
QNOMINAL STRESS LEVEL OF 60 % 
V NOMINAL STRESS LEVEL OF 50 % 


eo HAD NOT FAILED WHEN 
TEST WAS STOPPED 


. oa 


PERCENT OF ULTIMATE GOMPRESSIVE STRENGTH (S) 


100,000 
CYCLES OF STRESS (N) 


Fig. 2—S-N diagram for non-air-entrained concrete 


condition appear to have a normal distribution with respect to cycles to failure. It is on 
this assumption that the following analyses were performed. 

Only the data for the 70 and 80 percent stress levels were considered in the analyses be- 
cause it is only at these levels that an equal number of specimens from each mix had been 
tested. Fitting a curve to the data of each mix was accomplished by the method of least 
squares. 

The least squares linear regression equation resulting from an analysis of the data for the 
non-air-entrained concrete is: 


Login Neel 2:25 7. — 0.106 Ses ras ee oeet(L) 
where N is cycles to failure and S is percent of the ultimate stress. This equation can only 
be used to estimate N when the value of S is between 66 and 84 percent since this is the range 


of the S-values used in the analysis. 
The least squares linear regression equation resulting from an analysis of the data, for the 


air-entrained concrete was calculated to be: 


Pe eee VN ihe Ys “~ ONY se wk dh ie Sa, ec 
4 \ i , E 


5G a 

login =. 20.00% — 0214S.) ence pee eas (2) 
The same limits on S that apply to the equation for the non-air-entrained concrete apply to 
this equation when estimating NV. 


© NOMINAL STRESS LEVEL OF 90% 
0 NOMINAL STRESS LEVEL OF 80% 
O NOMINAL STRESS LEVEL OF 70 % 
Q NOMINAL STRESS LEVEL OF 60 % 
Vv NOMINAL STRESS LEVEL OF 50 % 


L, SPECIMEN HAD NOT FAILED WHEN 
TEST WAS STOPPED 


PERCENT OF ULTIMATE COMPRESSIVE STRENGTH (S) 


CYCLES OF STRESS (N) 


Fig. 3—S-N diagram for air-entrained concrete 
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TABLE 5—95 PERCENT PREDICTION INTERVALS FOR NON-AIR-ENTRAINED 
AND AIR-ENTRAINED CONCRETE 


Prediction intervals 
Non-air-entrained Air-entrained 
Stress concrete concrete 
level, hf pee eee eee tea Tela U 
ercent ower pper wer pper 
P limit, limit, Hat, limit, 
cycles cycles cycles cycles 
80 9.67 X 10-5 3.26 X 1018 8.94 5.17 X 107 
75 1.41 & 1075 5.51 X 1038 1.53 5.24 X 10° 
70 7.00 <-10—* 3.14 X 10% 12.18 9.08 < 10° 


Along with the linear regression equations, the correlation coefficients for the two sets of 
data were calculated. The degree of association among the data for the air-entrained concrete 
is high, the correlation coefficient being —0.94. The degree of association for the non-air- 
entrained concrete is less than that for the air-entrained data, the correlation coefficient in 
this case being —0.62. A significance test for differences between correlation coefficients per- 
formed at the 5 percent significance level indicates that there is reliable evidence that the two 
correlation coefficients are significantly different. This test only compares the linear associa- 
tion of the data and does not compare the curves determined by the regression analysis. 
However, it does show that the fatigue data for the air-entrained concrete have considerably 
greater uniformity than the fatigue data for the non-air-entrained concrete. 


A test performed to determine whether the slopes of the two equations were significantly . 


different indicates that at the 5 percent significance level there is no reliable evidence that 
the slopes are significantly different. This indicated equality of the slopes suggests strongly 
that the relationship existing between the stress level and the cycles to failure for the non- 
air-entrained concrete is the same as the relationship for the air-entrained concrete. 

Prediction intervals—Although the estimating equations for both mixes have been calcu- 
lated, it must be realized that if a number of tests were to be performed at a given S-value, 
the observed N’s would cluster about the calculated or estimated N. It is, therefore, ad- 
visable to determine the limits of the predicted value of an individual N for a given S-value. 

Ninety-five percent prediction intervals were calculated for each of the two S-N curves. 
As shown in Table 5, these intervals are extremely wide, especially in the case of the non- 
air-entrained concrete. It can be seen that for a given S value the predicted N for the air- 
entrained concrete lies within the limits for the predicted N for the non-air-entrained concrete. 
The fact that there are overlapping prediction intervals along with essentially equal slopes is 
good reason to assume that there is no difference between the fatigue behavior of the two 
types of concrete. 


Other observations 


It was noticed that if an air-entrained specimen was exchanged for a non- 
air-entrained specimen in the fatigue machine without any adjustment in 
the load control mechanisms, the loads applied to the air-entrained specimen 
were different from those that had been established for the non-air-entrained 
specimen. This change consisted of an increase in the minimum load and a 
corresponding decrease in the maximum load. The change is explained by 
the ability of the air-entrained specimen to compress farther under a similar 
load; i.e., the air-entrained specimens probably had a lower modulus of elas- 
ticity than the non-air-entrained specimens. The desired loads were easily 


—— 
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obtained by increasing the crank throw, which in turn increased the travel 
of the loading piston and thereby compensated for the decrease in height of 


_ the air-entrained specimen. 


Another phenomenon noticed was an indicated change in the applied load 
while a test was in progress. This was noticed only during the testing of 
air-entrained specimens and it was not detected for all specimens. In those 
cases where the load change was detected, it was only after the specimens 
had been subjected to 1 million or more cycles. A strange feature was that a 
number of the air-entrained specimens endured 10 million cycles without any 
load changes occurring. These changes in the loadings consisted of an in- 
erease in the minimum load and an increase or a decrease in the maximum 
load. The changes, however, were of different magnitudes ranging from a 
few hundred pounds to over a thousand pounds. 


Summary of fatigue test results 

The analyses of the results of 65 specimens tested in fatigue indicate the 
following: 

1. The portion of the S-N curve for the non-air-entrained concrete be- 
tween the stress levels of 66 and 84 percent has, as determined by a linear 
regression analysis, the relationship: 


ro 
logio N = 12.257 — 0.106 S 


The portion of the S-N curve for the air-entrained concrete between the 
stress levels of 66 and 84 percent has, as determined by a linear regression 
analysis, the relationship: 


Lo™ 
jogio N = 20.501 — 0.2148 


It was found, however, that the slopes of these lines are not significantly 
different and, in addition, that one prediction interval lies within the other. 
On this basis it may be said that the relationship of stress level to cycles to 
failure is not significantly different for the two types of concrete when a 
fluctuating compressive stress condition is maintained and the minimum 
stress is held constant at slightly in excess of zero stress. 

2. The fatigue test data for the air-entrained concrete showed considerably 
less variation than the data for the non-air-entrained concrete. 

3. The fatigue test data accumulated in this study suggest that the S-N 
curve is continually sloping downward; that is, there is no indication of a 
definite fatigue limit for either the non-air-entrained or the air-entrained 


concrete. 
CONCLUSIONS 


On the basis of a laboratory investigation of fatigue of concrete in which 
3x 6-in. cylinders were tested by a fluctuating compressive stress in which 
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the maximum was varied and the minimum stress was maintained at a con- 
stant value near zero, the following conclusions appear to be justified: 
1. The fatigue behavior of non-air-entrained plain concrete and air- 


entrained plain concrete are not significantly different. 

2. It appears that there is considerably less variation present among 
fatigue test data for the air-entrained plain concrete than there is for the 
non-air-entrained plain concrete. 
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Title No. 55-71 


THE ‘“‘BEAM METHOD” of analyzing cylindri- 


cal shells is briefly explained. Formulas are 


presented for analyzing single shells with- 
out edge beams and interior barrels of mul- 
tiple shells. A numerical example illustrates 
use of formulas. Method applies to contin- 
uous as well as simply supported shells. 


Cylindrical Shell Analysis 
Simplified by Beam Method 


By JAMES CHINN 


MW THE DESIGN OF CYLINDRICAL SHELLS has been considerably simplified 
of late by the publication of ASCE Manual No. 31, Design of Cylindrical 
Concrete Shell Roofs. Coefficients are given for the calculation of shells hav- 
ing various ratios of r/t and 1/r. Shells having other ratios of r/t and l/r 
ean be calculated using formulas given; however, the calculation requires the 
solution of four simultaneous equations. 

Lundgren’s! “beam method,” which involves no more than Me/I, VQ/Jb, 
and normal indeterminate structures analysis, can be used with sufficient 


accuracy on shells with certain edge conditions without resorting to simul- 


taneous equations. The single shell with not-too-deep edge beams? can be 
designed by this method, as can single shells without edge beams having 
l/r greater than about 5.8 Interior barrels of multiple shells can also be de- 
signed by this method, and the results for a shell with //r = 2 and for a shell 
with l/r = 1.11 are presented and compared to the results obtained by using 


Manual 31. 
EXPLANATION OF BEAM METHOD 


Assumptions involved in the beam method, aside from the usual assump- 


tions of the flexure formula are: 


1. All points on a transverse cross section deflect the same amount vertically and 


‘do not deflect horizontally. 
2. No radial shear, radial bending stresses, or twisting stresses act on transverse 
cross sections. 
1183 
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ACI member JAMES CHINN, associate professor of civil engineering 
at the University of Colorado, Boulder, is active both as an engineering 
educator and a structural engineer. Dr. Chinn has had structural design 
experience with folded plate structures, cylindrical shells, and spherical 
domes. His research activities have included studies of teat splices 
and diagonal tension. 


The assumptions made also constitute the limitations of the method, and when 
the assumptions do not agree closely with the true action of the shell, this method 
cannot be applied. 

The beam method involves two calculations: the beam calculation and 
the arch calculation. In the beam calculation, the longitudinal stresses and 
the membrane shear stresses are calculated using the beam flexure formula, 
Mc/I, and the beam shear formula, VQ/Jb, respectively (Fig. 1). 

The arch calculation is a bit more complicated. An element of length 
dz is taken from the shell, and the forces acting on it in transverse directions 
are considered. These consist of the external load, the membrane shear 
stresses, and, in the case of the multiple shell, the edge moment and the edge 
force (Fig. 2). The vertical support for the ‘‘arch” is provided by the vertical 


component of the shear-difference stresses dV -Q/Jb, rather than by vertical 


reactions at the springing as in the more usual arch. These stresses, acting 
tangent to the arch, produce transverse moments as well as do the external 
loads. In solving for these two quantities, simultaneous equations can be 
avoided if reactions are determined at the elastic center rather than at the 
edge. 

For the case of the shell with edge beams, Lundgren used a method in 
which the shell is divided into segments and the distributed loads are re- 
placed by concentrated loads at the midpoints of these segments. This 
method is also applicable to the single shell without edge beams and the 
interior barrel of a multiple shell, but a more exact solution is possible. 

Lundgren gave approximate formulas for final transverse moments caused 
by load uniformly distributed on the horizontal projection of the single shell 
without edge beam and on the interior barrel of a multiple shell. The equa- 


tions which follow have been developed by the writer and are exact insofar | 


Fig. 1—Longitudinal stress and transverse shear stress distributions 
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Fig. 2—Forces acting on “arch” 


as the assumptions involved in the beam method are exact. These equations 
require a high degree of accuracy in numerical calculation and are therefore 


not suited to slide rule calculation. 


NOTATION 
b = thickness of section where trans- Q = first moment about neutral axis of 
verse shear stress is calculated area of cross section above (or be- 
C = distance from neutral axis to ex- low) section where transverse shear 
treme fiber stress is calculated 
E = modulus of elasticity if = radius to center of shell 
F, = horizontal component of force S = tangential shearing stress (VQ/Ib) 
F, = vertical component of force - = thickness of shell 
Hc = horizontal reaction at elastic center Mee longitudinal BEnees (Me/I) 
: : : To = direct stress acting on arch 
if = moment of inertia of circular are V b 
: = beam shear force 
about neutral axis A Se 1 deflecti 2 
, Beh eeateal span (Ai)ze = ee eflection at elastic cen- 
er 
M = moment (0)zc = rotation at elastic center 
Mec = moment at elastic center ¢ = angle measured from vertical 
.M¢é = moment acting on arch ok = angle from vertical to edge of shell 


EQUATIONS FOR FORCES AND DEFORMATIONS 
The following equations have been developed by the writer using the free 
bodies in Fig. 3. Fy was obtained by summing vertical forces, F', by summing 


horizontal forces, and M by taking moments about the intersection of the Fy 
force and the arc of the shell. Integration was used when required. 


p 
(Et?/12) Ozc was obtained as the integral af “M rd, and (Ht®?/12) (Ar) zc was 
0 


‘obtained as the integral 


pk pk # | 
ihe Myrd¢ = i Mrdo E cos # — ee 
j i 


0 0 
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Fig. 3—Properties of arch cross section and component loads 


Properties of cross section (Fig. 3a) 


r sin de 
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PO nny (1) 
| [ + (sin ¢,) (cos od, — 2 aed ey ee tre see? © ie (2) 
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: : % . 

Q = 2r? («i @ — — sin 9) 6 PA over hem EES eee (3) 
pk 
Dead load (Fig. 3b) = 

Pe a Pe BY a hes ee (4) 
M = pr* [cos ¢ — cos dx + (sin ¢) (@ — gx)]...........-0 0. (5) 


Ets ; 
Jo osc = Br [2 sin ds — ox (cos de + 1)]............-000. (6) 
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Et 3 2 
rey (An)zc = pré EB + 3 sin 2¢, + sin d, — 2 | MN Gire ies cur (7) 


Uniform load (Fig. 3c) 
Pp lpr (Gil ide SUN) > Gaeta ace oe oe teens (8) 


2 
M = = (sin ¢, — sin ¢)? 


2 e 
= a (sin? $, — 2 sin dx sin @ + sin? ¢)....-..-..-..-+-+- (9) 
Et 
ey Ozc = — | ox Sin? dr +5 — sin 26, — 2 sin ox +% ees ice (10) 
Et pr‘ | sin? dx 3 Bin sin dk 
ad fe | ae -— -— Se Wh ao 11 
5 (An)zc 3 = (: 3 008 es) 3 sin? oe 5 | (11) 


Shear difference (Fig. 3d) 
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oe 
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H at elastic center (Fig. 3e) 


i myer (cos # a sno) ae (17) 
dk 
Et? 
ee tpg Ol Lee (18) 
igo 
Et 
— (As)sc = — Hec......- (19) 
12 
M at elastic center (Fig. 3f) 
Et 
— Ong ™ fon M gO oe 68 ols at he ee (20) 
12 
Et® 
— we Oo Nios Jee Ace See 21 
2 (Arn)ec = 0 (21) 


NUMERICAL EXAMPLE 


The use of these equations will be illustrated by calculating Example 2 
from ASCE Manual No. 31,? a shell having //r = 2 (see Fig. 4). 


Beam calculation 


Using Eq. (1), the neutral axis is found to lie 28.543 ft from the center — 
of the circle, making the ¢ distances to the top and bottom fibers 2.457 ft 
and 4.796 ft, respectively. By Eq. (2), J = 204.777 ft*. Applying Tx = Mc/I, 
the top and bottom fiber stresses at the middle of the shell are 17.470 and 
34.101 kips per ft, respectively. The variation of 7x by the beam method 
is plotted against the values from Manual No. 31 in Fig. 5. The values from 
the manual have been multiplied by 0.125/0.128 because the manual values 
were calculated by replacing the actual load with a load which varied as a 
half sine wave in the longitudinal direction. The ratio of the moment due to 
uniform load to the moment due to the sinusoidal load is 0.125/0.128. 


Fig. 4—Dimensions and loads, shell of 

Example 2, ASCE Manual No. 31. Sim- 

ply supported, my ae span = 62 ft. 
I/r = 2 
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“ Fig. 5—(left)—Comparison of Tx and S using Example 2 of ASCE Manual No. 31 
4 Fig. 6 (right)—Comparison of Te and M¢ using shell of Example 2, ASCE Manual No. 31 
a Values of Q/2 and of S = VQ/2I calculated at 10-deg intervals are shown 
E. in Table 1 and plotted against the values from Manual No. 31 in Fig. 5. The 
ie values from the manual have been multiplied by 0.500/0.405 to compensate 
: for the sinusoidal load. 

4... 

— 

, ; TABLE 1—BEAM SHEAR STRESSES 

a v@ 

:. dee oP s = 21 

Z = kips per ft 

; 0 0 

A 10 24.89 5709 

, 20 39.65 9092 

5 30 34.42 7804 

4 40 0 0 

a 


Arch calculation 
Numerical substitution in the equations for (Et3/12) 6zc yields: 


ea 


ae 


3 
Eq. (6) * Oxo = 47 (31)8 (1.2855752 — 1.2329316) = 73,710.36 


~~ Ss 


3 
Eq. (10) * Ozc = > (31)3 (0.2884512 +- 0.7386059 — 1.2855752 + 0.3490659) = 33,718.87 


3 5 
Eq. (15) = 6x0 = oe (0.3213938 — 0.8838657 — 0.1044289 


+ 0.1327922 — 0.0576003 + 0.5918309) = 51,685.93 


le ee rN 


3 
Eq. (20) = Ozc = 31 (0.698132) Mac = 21.642092 Mxc 
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Solving for ze, 
73,710.36 + 33,718.87 — 51,685.93 — 21.642092 Me = 0 
Mec = 2575.69 ft-lb per ft 


Numerical substitution in the equations for (#1*/12) (Ax)zc yields: 


7 


Et® 
Eq. (7) 2 (An)ec = 47 (31)4 (0.1745329 + 0.3693029 + 0.6427876 


— 1.1836617) = 128,554.03 
Et® 25 
Eq. (11) 12 (Ai)ec = 2 (31)* (0.5036087 — 0.1770562 — 0.3213938) = 59,552.10 


Et 3.030 (31)* 
Wa. (16). Vanier © 
q- (16) 35 (Andee = “Sag az7 


+ 0.3213938 — 0.5918309 (2.5 — 0.3830222 + 0.9207254)] = 106,379.81 


[0.2617994 + 1.0463583 + 0.16826320 


204.777 
2 


Et 
Eq. (19) ae (Ax)zc = Hec = 102.389 Hee 


Solving for Hxec, 
128,554.03 + 59,552.10 — 106,379.81 — 102.389 Hee = 0 


He = 798.19 lb per ft 


Fig. 7—Dimension and loads of shell from 
PCA's ST77. Simply supported, longi- 
tudinal span = 50 ft. I/r = 1.11 
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Final moments M¢ are calculated at 10-deg intervals using Eq. (EPR 
(14), and (17). Final direct stresses T'¢ are calculated using Eq. (4), (8), (12), 
(13), and Hgc. A comparison of results by the beam method and by manual 
No. 31 is given in Fig. 6. The values from the manual have been multiplied 
by 7/4 to compensate for the sinusoidal load assumed therein. 


Sekt Mg -k-f/ft 
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Fig. 8 (left) Comparison of Tx and S for shell of PCA’s ST 77. Fig. 9 (right)—Com- 
parison of Tp and Mo for shell of PCA’s ST 77 


Calculations by the beam method are here omitted, but results for the 
shell of the Portland Cement Association Bulletin ST 77, “Design of Barrel 
Shell Roofs,” are presented in Fig. 7, 8, and 9. This shell has an //r = 1.11, 
and the results by Manual No. 31 are shown for comparison. 


SUMMARY 


The beam method for analyzing cylindrical shells can be used with sufficient 
accuracy in many practical cases. It can be used for any values of r/é and 
l/r provided the assumptions involved in the method are sufficiently satisfied. A 
particular advantage is that it can also be used under all conditions of support, 
and no special equations are required for the cases of overhangs and continuity. 
The equations given above facilitate the calculation of single shells without 


edge beams and of interior barrels of multiple shells. 
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Flexural and Compressive Strength of 
Concrete as Affected by the 
Properties of Coarse Aggregates 


By M. F. KAPLAN 


EXPERIMENTS WERE CONDUCTED to determine the effects of the properties of 
13 different coarse aggregates on the flexural and compressive strength of con- 
crete. Depending on the aggregate, differences of 40 percent in flexural strength 
and 29 percent in compressive strength were obtained for concrete of the same 
mix proportions. Statistical analysis indicated that the shape, surface texture, 
‘and modulus of elasticity of the aggregates were the main causes of variation 
in concrete strength. The greater the strength of the concrete, the more impor- 
tant these effects became. The elastic modulus of the aggregate was, in general, 
the most important single factor affecting flexural strength, although for con- 
crete with the greatest strength, surface texture had the predominating effect. 
Surface texture was the most important aggregate property influencing concrete 
compressive strength. Because the aggregate strength was generally greater 
than that of the concrete and differences in the water-absorptive capacities of 
the aggregates were small, no relationship was found between the strength or 
water-absorptive capacity of the aggregates used and the strength of the concrete. 
However, this should not be assumed as evidence that coarse aggregates of 
~ low strength or high water-absorptive capacity will not affect concrete strength. 


CoNCRETE OF GIVEN MIX PROPORTIONS may have different 
strengths when different types of coarse aggregate are used. For example, 
Wright! has shown that a certain crushed rock aggregate gave concrete of 
higher flexural strength than a rounded gravel aggregate. Similar effects were 
noted in regard to compressive strength.? The surface texture, shape, strength, 
chemical composition, elastic properties, and water-absorption capacity of 
the aggregate have all been suggested**” as possible causes of the variations 
in the strength of concrete of the same mix proportions. However, little 
has been done to assess quantitatively the effects of these properties of coarse 


aggregates on the strength of concrete. 
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DETAILS OF THE TESTING PROGRAM 


Concrete specimens were made with 13 different coarse aggregates having a wide range 
of physical properties (Table 1). The fine aggregate in all concrete mixes was Chertsey river 
sand. All aggregates were dried before use and ordinary portland cement taken from a single 
batch, as manufactured, was thoroughly mixed and used for all concrete specimens. Each 
of the 13 coarse aggregates was used in the three mixes shown in Table 2. 

Aggregate grading curves are shown in Fig. 1, and the yield, cement factor, and work- 
ability of the concretes are given in Table 3. Workability was determined by the compacting 
factor method; approximate equivalents in terms of slump are given at the bottom of Table 
3. Effects of the aggregates on workability of concrete have been fully discussed by the 
author in another paper.'® 


Aggregate properties 
Flakiness, elongation, crushing value, impact value, and crushing strength were tested 
in accordance with the relevant sections of British Standard 812.'* 

Flakiness index—The flakiness of the aggregate is measured by expressing the total 
weight of different size fractions of the aggregate, passing specified thickness gages, as 
a percentage of the total weight of the sample tested. The width of the thickness gages 
is 0.6 times the mean sieve size of the aggregate. 

Elongation index—The same as for flakiness except that length gages equal to 1.8 
times the mean sieve size of the aggregate are used. 

Aggregate crushing value—This is obtained by subjecting a stipulated quantity of 
the 4-in. to %%-in. fraction of the coarse aggregate to a specified compressive load. 
The weight of aggregate passing a No. 7 British Standard (No. 8 Tyler) sieve is then 
expressed as a percentage of the total. This percentage is the aggregate crushing value. 


Water absorption and specific gravity were measured according to Shergold;'* angularity 
was also evaluated by Shergold’s method.!? The degree of angularity is determined by 
measuring the proportion of voids in the 34-to 1-in. fraction of the aggregate when compacted 
in a prescribed way. The “angularity number” is the percentage of voids less 33. 
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Fig. 1—The grading of the aggregates 
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Surface texture was determined according to the method of Wright.!9 This involves em- 
bedding a particle of aggregate in a synthetic resin and obtaining thin sections of the aggre- 
gate surrounded by the resin. The interface between stone and resin is magnified 125 times 
on a projection microscope and traced. The length of the profile is measured and compared 
with the length of an uneveness line drawn as a series of chords. The difference between 
the two lengths is taken as a measure of the roughness or surface texture of the aggregate. 

Flexural and tensile strength were measured according to Hosking.2® Dynamic modulus 
of elasticity, ultrasonic pulse velocity, and Poisson’s ratio were tested by the methods followed 
by Hardman.*! 

Test results are given in Table 4. The crushing, flexural, and tensile strengths of the Brid- 
port and Chertsey gravels (A, B, C, D, and E) were not obtained, due to the frequency of 
breakage when drilling the 1-in. cylindrical cores. The elastic properties of these aggregates 
were determined by tests on large pieces of the aggregate, approximately 7 in. long and having 
a thickness of not more than one-fifth of the length. 


Concrete strength 

Concrete beams 4 in. square and 20 in. long were made in accordance with British Stand- 
ard 1881.14 The flexural strength and compressive strength were determined in accordance 
with Parts 11 and 9, respectively, of British Standard 1881. Three beam specimens of each 
mix were tested at 7, 28, and 91 days, respectively, and the results are given in Tables 5 and 6. 
Fach of the three test specimens for each mix tested at a given age, was made from different 
batches of concrete mixed on different days. 

Mortar beams were also made in which the cement:sand:water proportions by weight were 
the same as in the concrete mixes, ie., 1:0.92:0.35, 1:2.6:0.60, and 1:4.3:0.85 for Mixes I, 
Il, and III, respectively, and their flexural and compressive strengths determined. The 

‘results, each of which is the average of tests on three beams, are given in Table 7. 


TABLE 1—TYPE, SOURCE, AND CONDITION OF THE COARSE AGGREGATES USED 


Aggregate Source in Condition 
identification Type United Kingdom 

A uartzite gravel Bridport Natural” | ’ , aoe 

B Cure Ceara Bridport Crushed with a low reduction ratio from 14-in. single 
co gravel 

: Flint. gravel Chertsey atura! ) : ; ’ 

D Flint Eaaval Chertsey Crushed with a low reduction ratio from 1}4-in. single 
size gravel for the 34-in. to 34-in. fraction and from 
34-in. single size gravel for the %-in. to 3g-in. fraction 

E Flint gravel Chertsey Crushed with a high reduction ratio from 2-in. to 3-in. 
ave natazal gravel 

Limestone gravel Lancashire atural 4 . Or 

& iinestore Pavel Lancashire Crushed ae a low reduction ratio from 1}-in. single 
size grave ’ ; ade: 

H Basalt Blodwell Crushed with a low reduction ratio from 114-in. single 
size 

J Basalt Blodwell Crushed with a high reduction ratio from 3-in. to 4-in. 
size ; 

K Granite Penryn Crushed with a low reduction ratio from 1}4-in. single 

' size - : 

ay 28 Granite Mountsorrel Crushed with a low reduction ratio from 14-in. single 
size we e Z Sere - 

M Trachyte Downhead Crushed with a low reduction ratio from 1}4-in. single 


size pe 
Quarried and crushed by supplier 


~—= 


N Limestone _ Somerset 
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f; TABLE 5—FLEXURAL STRENGTH OF THE CONCRETE, PSI 

m Mix I Mix II Mix III 

Aggregate = |———— 
7 days 28 days | 91 days 7 days 28 days | 91 days 7 days 28 days | 91 days 
(i. A 670 775 840 435 530 560 280 365 445 
2 B 750 855 975 495 630 705 280 420 500 

Cc 650 755 740 445 605 590 335 425 475 
D 735 825 845 525 650 675 300 415 525 
E _ 870 870 — 660 710 _— 385 415 
F 760 825 835 520 655 690 315 430 450 
G 775 950 950 535 695 760 320 480 550 
H 805 1000 960 535 740 770 350 480 555 
i 830 1060 1045 540 725 840 335 490 560 
K 685 820 940 470 575 635 290 390 455 
L 775 940. 955 515 695 755 335 470 520 
M 755 970 1015 540 695 820 315 445 515 
N 850 975 1060 555 795 805 330 480 540 


TABLE 6—COMPRESSIVE STRENGTH OF THE CONCRETE, PSI 


Compressive strength, psi 


Mix I Mix II Mix III 
Aggregate ee ee ee eS 

7 days 28 days | 91 days 7 days 28 days | 91 days 7 days 28 days | 91 days 
A 7780 9770 10360 3770 5910 6880 1880 3140 4010 
B 8080 10500 11640 4100 6240 7380 2140 3330 4140 
Cc _ 8160 9520 10020 4460 6660 7470 2260 3610 4420 
D 8100 9960 10850 4360 6700 7800 2140 3540 4340 
E —_— 9990 10420 — 5480 6920 _— 2840 3530 
F . 8040 10180 11170 4420 6660 7690 2170 3370 4360 
G 8720 10160 11440 4300 6440 7450 2230 3520 4360 
H 8440 11130 11280 4550 6910 8050 2420 3660 4570 
J 8670 10950 11770 4490 6600 7850 2420 3600 4420 
K 8290 10620 11270 4020 6100 7290 2150 3310 4130 
L 8940 11240 12430 4460 6720 8020 2280 3820 4650 
M 8680 11460 12240 3850 6150 7450 2180 3260 4180 
N 8140 10410 11460 4250 6500 7500 2170 3340 4070 

- TABLE 7—FLEXURAL AND COMPRESSIVE STRENGTH OF THE MORTAR 

IN THE CONCRETE AFTER 91 DAYS 
Property Mix I Mix II Mix III 
Flexural strength, psi 1130 795 525 
11090 5920 3380 


TABLE 8—VARIATIONS IN THE F 
OF CONCRETE WHEN U 


LEXURAL AND COMPRESSIVE STRENGTH 
SING DIFFERENT AGGREGATES 


Property 


Flexural strength, psi 
Highest 
Lowest 
Highest minus lowest 
Average 

_ *Range, percent 


EE 


Compressive strength, 


psi 
Highest 
Lowest 
Highest minus lowest 
Average 
*Range, percent 


*Range, percent = 


highest — lowest % 100 
average 


Mix I Mix II 

7 days | 28 days | 91 days 7 days | 28 days 
850 1060 1060 555 795 
650 755 740 435 530 
200 305 320 120 265 
754 893 925 508 665 
27 34 34 23 40 
8940 11460 12430 4550 6910 
7780 9520 10020 3770 5480 
1160 940 2410 780 1430 
8340 10450 11260 4250 6380 
14 19 21 18 22 


91 days 


Mix III 

7 days | 28 days 
350 490 
280 365 
70 125 
315 436 
22 28 
2420 3820 
1880 2840 
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DISCUSSION OF RESULTS 


Properties of the aggregates 

The flexural strength or modulus of rupture of the aggregates was generally 
between two and three times as great as the tensile strength obtained from _ 
the indirect or “Brazilian” tensile strength test. There was, however, good 
correlation between the results of the two tests, the correlation coefficient — 
being +0.93. The flexural strength of the Penryn granite (K) was slightly — 
lower than its indirect tensile strength, a result which is believed to be due — 
_ to planes of weakness in this aggregate which cause low flexural strength. — 


As shown in Fig. 2, the crushing, flexural, and tensile strengths of the — 
aggregates are related to their “crushing value,” the correlation coefficients 
being —0.84, —0.94, and —0.89, respectively. There was also good corre- 
lation (+0.88) between the crushing and impact values. 


There was no evidence of a relationship between the strength and dynamic 
modulus of elasticity of the different aggregates. This confirms Hosking’s*® 
finding that, although there are indications of a relationship between strength 
and elastic properties for different samples of the same aggregate, no such 


CRUSHING STRENGTH —Ib./sq.in. 


FLEXURAL STRENGTH-Ib/sq. in. 


Fig. 2—Relationship between the 
strength of the aggregates and their 
“crushing value” 


%% io 20 30 
AGGREGATE CRUSHING VALUE 


INDIRECT TENSILE STRENGTH —|b.Aq.in. 
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~ relationship could be established for different types of aggregate. Ultrasonic 
pulse velocity and dynamic modulus were, however, related, the correlation 
coefficient being + 0.95. 


Strength properties of the concrete 


te 
4 
bf As can be seen from the values given in Table 8, concrete of the same mix 
F _ proportions may have different flexural and compressive strengths, depending 
on the type of aggregate used in the mix. a 

4 The maximum range in the flexural and compressive strengths for the same 
g mix proportions, at the same age, was 40 and 29 percent, respectively. The 
___—s average range was 31 and 21 percent, respectively. The effects of different 
4 aggregates on compressive strength were therefore not as great as on the 
i flexural strength of concrete. Nevertheless, the effects were considerable; 
by using a selected aggregate in Mix I, it was possible to obtain an increase 
& of 2410 psi. and 320 psi, respectively, in the compressive and flexural strengths, 
éd after 91 days, for concrete of the same mix proportions. 


Effects of aggregate properties on concrete strength 


To obtain some indication as to which properties of the aggregate in- 
fluenced the strength of the concrete, the correlation coefficients for the aggre- 
gate properties and concrete strength were calculated. Correlation coefhii- 
cients were considered to be significant at probability levels of 5 percent and 
less. 
; Water absorption—No significant correlation was found between the flex- 

ural or compressive strength of the three concrete mixes at either 7, 28, or 

91 days, and the capacity of the aggregate to absorb water. The differences 

in the water-absorptive capacities of the aggregates used in this inves- 

tigation were small and insufficient to cause significant variations in the 
- effective water-cement ratios and, therefore, in the strength of the concrete. 

This does not rule out the possibility that highly porous aggregates, when 
used in a dry condition, may have a significant effect on the effective water- 

cement ratio and consequently on the strength of concrete. 

Aggregate strength—As mentioned above, the crushing, flexural, and ten- 
sile strengths of the aggregates were closely related to their “crushing value.”’ 
No significant relationship could, however, be established between the strength 
of the aggregates, as indicated by the crushing value test, and the flexural 

and compressive strengths of concrete. 

Except in one instance (Aggregate K in Mix I at 91 days) the flexural 
and tensile strengths of the aggregates always exceeded the flexural strength | 
of the concrete. In the one exception, the difference was small and could 
be due to random experimental errors. The crushing strengths of the aggre- 
gates were also all considerably higher than the compressive strength of the 
concrete. The possibility should not, however, be excluded that aggregates 
having much lower strength than those used in-this investigation may affect 

the strength of concrete. It should also be mentioned that the conditions 
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of test for the flexural and compressive strengths of the aggregates were not ; 
the same as for the concrete. Effects arising from the different conditions 
of test are, however, not expected to be large. 4 

As has been discussed elsewhere,?* the flexural strength of concrete is gen- : 
erally lower than the flexural strength of the corresponding mortar. This : 
suggests that an upper limit to the flexural strength of concrete is set by the ; 
strength of the mortar and that the presence of coarse aggregate generally ; 
reduces the flexural strength of the concrete to below that of the mortar. 

On the other hand, the compressive strength of concrete is usually greater : 
than the compressive strength of its comparable mortar, which indicates 
that the mechanical interlocking of the coarse aggregate contributes to the 
ultimate strength of concrete when subjected to compressive loads. 

Shape—As the author has shown,!® there is a relationship between the 
flakiness and elongation of the aggregates used in this investigation, the 
correlation coefficient being +0.92. . 

Correlation coefficients for flakiness and concrete strength were calculated 
and it was found that in the case of flexural strength the coefficients were 
significant for Mix I at 28 days and Mix II at 28 and 91 days. None of j 
the coefficients for compressive strength were significant. ; 

The angularity number is also a measure of shape. For flexural strength, i 
significant correlation with angularity was found for Mix I at 28 days and. ~ 
Mix II at 91 days, while for compressive strength, significant correlation 
was found for Mix I at 7 and 28 days and Mix III at 7 days. 

These results suggest that the shape of the aggregate may have an effect 
on both the flexural and compressive strength of concrete. 

Surface texture—Significant correlation was found between the surface 
texture of the aggregates and the flexural and compressive strength of Mix I . 
concrete at 28 and 91 days. Although Aggregate K (Penryn granite) had 
the roughest surface texture, the flexural and compressive strengths of con- 
crete made with this aggregate were comparatively low. When omitting this . 
aggregate, the correlation coefficients for flexural strength were significant 
for all concrete mixes at all ages; in the case of compressive strength, five of 
the nine coefficients were significant. 

There are therefore clear indications that the surface texture of the aggre- 
gate has an effect on both the flexural and compressive strength of concrete. 
As shown elsewhere, the shape and modulus of elasticity of the aggregate 
also have a marked influence on the strength of concrete and in the case of 
Aggregate K it appears that the influence of these two latter factors tends 
to mask the effect of surface texture. 

Dynamic modulus of elasticity—The correlation coefficients for the dynamic 
modulus of elasticity of the aggregate and the flexural strength of the concrete 
were, with the exception of Mix I after 91 days, significant for all mixes at 
all ages. For compressive strength, none of the coefficients were significant; 
when omitting Aggregate K, which has a particularly low dynamic modulus, 
two of the coefficients, i.e., for Mix I at 28 and 91 days, were significant. 
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y 4 surface texture, elasticity, and Poisson’s ratio. 
= | were, respectively, the flexural and the compressive strength of the concrete. 
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The indications are, therefore, that the modulus of elasticity of the aggre- 
gate has an effect on the strength of concrete. 

Poisson’s ratio—None of the correlation coefficients for Poisson’s ratio of 
the aggregates and the flexural and compressive strengths of concrete were 
significant. When omitting the results for Aggregate K, however, seven of 
the nine correlation coefficients for flexural strength and one for compressive 
strength were found to be significant, which indicates a possibility that here 
again the other properties of Aggregate K may tend to mask the effects of 
the Poisson’s ratio of this aggregate on the strength of the concrete. However, 
as described below, this difficulty may be resolved by a multiple regression 
analysis?’ of the results, which indicates that the Poisson’s ratio of the aggre- 

~ gate had no effect on the strength of the concrete. 

Ultrasonic pulse velocity—There was evidence of a relationship between 
the velocity of propagation of an ultrasonic pulse through the aggregate 
and the flexural, but not the compressive, strength of concrete. 


STATISTICAL REGRESSION ANALYSIS 


Although correlation coefficients may serve to indicate whether a rela- 
tionship exists between one particular property of coarse aggregates and the 
strength of concrete, it must be realized that the significance of the correlation 
is based on the premise that other properties of the aggregates do not affect 
the strength of concrete. This is not necessarily true, and a statistical anal- 
ysis, which takes into consideration all the aggregate properties which may 
affect concrete strength, was used. The method employed was a multiple 
regression analysis as described by Brownlee.”* 

The correlation coefficients indicated that the strength of concrete may be 
related to the following properties of the aggregates: shape, surface texture, 
modulus of elasticity, Poisson’s ratio, and pulse velocity. It has also been 
shown!® that there is a relationship between the flakiness and the angularity 
of the aggregates used. A regression analysis revealed further that, when 
flakiness and angularity were considered together, the total variance accounted 
for in the strength of the concrete was only slightly greater than when angu- 
larity only was considered. For these reasons, the angularity number was 
used in the subsequent regression analysis to represent the shape properties 
of the aggregate. Ultrasonic pulse velocity was not included in the regression 
analysis because it is a function of dynamic modulus and Poisson’s ratio, 

_ which are also the more fundamental properties. Therefore, in the first 


multiple regression analysis, the independent variables were: angularity, . 
The dependent variables 


Neither for flexural nor compressive strength were any of the regression 
coefficients for Poisson’s ratio significant. Therefore, there does not appear 


to be. relationship between the Poisson’s ratio of the aggregates used in 
4 this investigation and the strength of the concrete made with them. 


iid 
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TABLE 9—REGRESSION COEFFICIENTS FOR AGGREGATE PROPERTIES 
AND THE STRENGTH OF CONCRETE 


Regression coefficients 


Average Average ——— ee r 
Mix Age, Bexrel compressive Flexural strength Compressive strength 
ijst: th, i|— 

de arent ee ae Angu- Surface Elas- Angu- Surface Elas- 

larity texture ticity larity texture ticity 

ve 754 8340 5.34 4.26 20.59 74.43 10.15 54.14 
: of 893 10450 16.92 6.88 28.76 82.28 74.20 90.82 ; 

91 925 11260 10.82 10.05 16.71 57.99 77.34 129.32 
. | 508 4250 5.67 1.70 | 12.16 | 30.47 | —9.79 | 41.02 z 
II | 28 665 6390 12.15 2.07 24.13 —1.44 20.39 77.58 ; 
| 91 717 7520 16.40 4.61 27.37 | 35.59 20.12 77.20 q 
Coe 315 2200 3.75 0.28 6.21 | 30.54 3.35 4.29 ? 

Ill | 28 436 3410 4.82 2.65 14.06 10.30 10.80 35.93 
91 499 4240 6.38 1:96 | 13.03 | —4:56 | 20:66 | 44.27 


The analysis was repeated, omitting Poisson’s ratio and the regression ¢o- 
efficients obtained for flexural strength and compressive strength are given 
in Table 9. 


Shape 

Three of the regression coefficients for angularity and flexural strength, 
and two for compressive strength, were statistically significant. All the co- 
efficients differed significantly from each other. It therefore seems likely that 
concrete strength depends on the angularity of the aggregate, although the 
investigation was not sensitive enough to establish this in all cases. 

By grouping the coefficients according to either the mix or the age of test, 
and taking the average, which will be more reliable than any individual value, 
a tendency is observed for the higher coefficients to be associated with con- 
ditions leading to higher strength. It is thus concluded that the effect of 
particle shape becomes more important at the higher strength levels. 
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Surface texture ~ 


One of the regression coefficients for surface texture and flexural strength, : 
and also one for compressive strength, were significant. All the coefficients 
also differed significantly from one another, As in the case of angularity, 
it therefore seems likely that the surface texture of the aggregate has an effect 
on both the flexural and compressive strength of concrete. The rougher the : 
surface texture the greater the strength. As shown in Fig. 3(A) and 4(A), . 


there is also a tendency for the magnitude of surface texture effects to increase 
as strength increases. 


Dynamic modulus of elasticity 


Hight of the nine regression coefficients for dynamic modulus and flexural 
strength were significant. The coefficients were all positive and differed 
significantly from each other. As shown in Fig. 3(B) dynamic modulus effects 
also-tend to be greater as the flexural strength increases. 

None of the regression coefficients for dynamic modulus and the compres- 
sive strength of the concrete were statistically significant. An analysis of 
variance, however, showed that when the effects of angularity, surface texture, _ 
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Fig. 3—Regression coefficients 
for aggregate properties 0 
- and the flexural strength of 
concrete 
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and dynamic modulus were considered, 23 percent more of the variation in 
compressive strength was accounted for than when the dynamic modulus 
was not included. This, together with the fact that the coefficients were all 
positive and differed significantly from each other, suggests that the modulus 
of elasticity of the aggregate also has an effect on compressive strength. The 
indications are, however, not as clear as for flexural strength. As shown in 
Fig. 4(B), the effect increases with the compressive strength of the concrete. 


RELATIVE EFFECTS OF SHAPE, SURFACE TEXTURE, AND MODULUS OF 
ELASTICITY OF THE AGGREGATE 


A statistical analysis of variance was carried out to ascertain to what extent 
the variation in concrete strength could be attributed to variations in shape, 
surface texture, and modulus of elasticity of the coarse aggregates. 

In the case of flexural strength it was found that, on the average, for all 
concrete mixes at all ages, 84 percent of the strength variation was due to — 
the shape, surface texture, and modulus of elasticity of the aggregate. The 


remaining 16 percent could have been due to random errors in testing the 


aggregates and the concrete. To confirm this conclusion, the regression equa- 
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Fig. 4—Regression coefficients 

for aggregate properties and 

the compressive strength of 
concrete 
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tions for flexural strength and the properties of the aggregates, were calculated 
for each concrete mix at each age. The equation for the average flexural 
strength of all mixes at all ages, obtained by averaging the regression co- ; 
efficients, is : 
yom AS: Je t- Ola + BBs + 978.5 «ss veasen he ee (1) 4 
where 
y = flexural strength of concrete (psi) , 


dynamic modulus of aggregate (X 10-® psi) 
angularity number of aggregate 
roughness factor (surface texture) of aggregate 


é 
a 
8 


The average flexural strength of the concrete for each aggregate was cal- 
culated from Eq. (1). The comparison of these calculated average strengths 
with the average observed strengths is shown in Fig. 5. It was shown sta- 
tistically that the small differences between calculated and observed strengths 
may be accounted for by random errors in testing. 

; For the aggregates used in this investigation, it was therefore clear that: 
allowing for chance variations in testing, the variations in the flexural strength 


sf 


of concrete were wholly due to varia- 
tions in shape, surface texture, and 


‘modulus of elasticity of the aggre- 


gates. 

In regard to compressive strength, 
the analysis of variance indicated 
that, for the strongest concretes, i.e., 
Mix I at 7, 28, and 91 days, 70 percent 
of the variation in strength may be 
‘attributed to variations in the shape, 
surface texture, and modulus of 


~ elasticity of the aggregate. For con- 


crete of lowest strength, i.e., Mix II 
at 7, 28, and 91 days, 35 percent of 
the strength variation was accounted 
for. On the average, i.e., for all mixes 
at all ages, 52 percent of the variation 
was due to variations in the aggregate 
properties mentioned. It was estab- 
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strength of concrete made with different 

aggregates, compared with the average 

strength calculated from the regression 
equation 


lished that, on the average, random experimental errors could account for the 
variations in strength which were not due to the above properties of the ag- 


gregate. 


It is nevertheless apparent that at lower strength levels the varia- 
tions due to random experimental errors tended to mask variations caused by 
changes in properties of the aggregates. 

The regression equation relating ag 
pressive strength of the concrete for a 


gregate properties and the average com- 
Il mixes at all ages was found to be: 


y = 64e + 35a + 258 + iSO TN OV, eure pada umerao a urease (2) 


_where y = compressive strength of concrete (psi). 


The average compressive strength for each aggregate was calculated from 


Eq. .(2). 


These calculated strengths are compared with the average observed 


strengths in Fig. 6. As mentioned above, the differences between observed 
and calculated strengths could have been due to random experimental errors. 
It is therefore apparent, particularly at the higher strength levels, that, 
after allowing for chance variations in testing, variations in the compressive 
strength of the concrete were entirely due to variations in the shape, surface 


texture, and modulus of elasticity of the aggregates used in this investigation. 


TABLE 10—AVERAGE RELATIVE IMPORTANCE OF THE AGGREGATE PROPERTIES 
AFFECTING THE STRENGTH OF CONCRETE 


Relative effect, percent, of the following aggregate properties: 


Concrete property 


Compressive strength 22 


Shape : Surface texture _| Modulus of elasticity 
Flexural strength 31 26 ge ae 43, 


2 


yore 34 
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It must be emphasized that Eq. (1) and (2) should not be considered as 


representing precise relationships between concrete strength and aggregate : 


characteristics. They are the equations which best fit the data obtained in 
this investigation and show the general way in which concrete strength was 
affected by the properties of the aggregates used. 

The relative importance of the shape, surface texture, and elasticity of the 
aggregates, with respect to concrete strength, was determined by expressing 
the variance due to each of the aggregate properties as a percentage of the 
total variance accounted for by all three characteristics of the aggregate. 
The results for the average of all concrete mixes are given in Table 10. 

Although, on the average, the elasticity of the aggregate had the most 
important effect on flexural strength, for the concrete having the highest 
flexural strength (Mix I at 91 days), the surface texture had the greatest 
effect, accounting for 51 percent of the total variance. The shape of the 
aggregate was, on the average, the second most important factor. 

In regard to compressive strength, surface texture was on the average the 
most important factor followed by elasticity and shape. 


CONCLUSIONS 


1. Different coarse aggregates have a marked effect on the strength of 
concrete of the same mix proportions. Depending on the aggregate, differences 
of 40 percent in flexural strength and 29 percent in compressive strength 
were obtained. 

2. The aggregate properties affecting the flexural and compressive strength 
of concrete were shape, surface texture, and modulus of elasticity. These 


effects became more important the greater the strength of the concrete. 
7 c ° 
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J The elasticity of the aggregate was, in general, the most important single 
, factor affecting flexural strength, although for concrete with the greatest 
- strength surface texture had the predominating effect. Surface texture was, 
in general, the most important factor affecting compressive strength. 


A possible explanation as to why rougher surface texture of the aggregate 


bWweey 


: increases concrete strength may be that it results in a greater adhesive force 
. between the cement matrix and the aggregate. The effect of greater an- 
7 eularity may be due to the fact that the surface area of an aggregate particle 
4 5 becomes larger the more its shape deviates from a spherical form. The total 
; ‘adhesive force between the cement matrix and an angular aggregate may, 
. therefore, be greater than for a rounded aggregate. The deformation of the 
y aggregate in concrete under a given load will no doubt also influence the 
4 strength of the concrete; the greater the deformation, i.e., the lower the elastic 
- modulus, the lower the strength. 
. 3. The aggregates used were generally stronger than the concrete and no 
. relationship between the strength of the coarse aggregates and the strength 
a of concrete was established. This finding should not be taken to mean that 
z aggregates of low strength will not affect concrete strength. 
J The upper limit to the flexural strength of the concrete was set by the 
i strength of the mortar. Presence of coarse aggregate generally reduced the 
‘ flexural strength of the concrete to below that of the mortar. On the other 


hand, concrete compressive strength was generally greater than that of the 
mortar; the presence of coarse aggregate therefore contributed to the ultimate 
compressive strength of the concrete. 

4. Differences in the water-absorptive capacities of the aggregates used 
in this investigation were too small to have a significant effect on the strength 
of concrete. It may be that more porous aggregates, when used dry, will 


affect concrete strength. 
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Title No. 55-73 


Concrete walls 4 to 6 ft thick, constructed inside 50-ft 
diameter steel chambers at the Shippingport, Pa., atomic power plant, 


serve as shielding against radioactivity. Paper describes 


unusual construction practices occasioned by limited 
access to chamber interiors. Concrete was a standard density, 
3000-psi mix made with Type | S cement. 


Internal Shielding Construction 


at Shippingport 
Nuclear Power Plant 


By L. EARL TABLER, Jr. 


AMONG MANY CONSTRUCTION PROBLEMS encountered during the 
erection of the nation’s first full-scale nuclear power plant at Shippingport, 
Pa., building the concrete internal shielding walls presented a unique challenge. 
The reactor plant container, which houses the nuclear portion of the power 
station, consists of four steel pressure chambers interconnected by 8 ft and 
12 ft diameter ducts (Fig. 1). The reactor vessel is located in a 38 ft diameter 
steel sphere. On each side of the sphere is a 50 ft diameter, 97 ft long cyl- 


_ inder, each of which contains two heat exchangers (boilers) and their asso- 


ciated equipment. Between the boiler chambers and the turbine-generator 
liary chamber which is a steel cylinder 50 ft 
in diameter and 147 ft long. In the auxiliary chamber are the primary coolant 
pressurizer, flash tank, blow-off tank, and other auxiliary equipment. 

The chambers are divided into separate compartments by concrete walls 
(Fig. 1) from 2 to 6 ft thick, which serve as shielding against radioactivity. 
The wall thickness depends on the amount of access required into the various 
compartments for operation or maintenance. The shielding in the boiler 
chambers is designed so that any one boiler can be shut down for observa- 
tion or repairs while the remaining three are still in operation. Thicker 
shielding at opposite ends of the boiler chambers, hexagonal in shape, houses 
the demineralizers for the primary coolant water. The shielding in the boiler 
chambers is supported directly by each steel shell. 

The shielding in the auxiliary chamber is not required to be as thick as 
that in the boiler chambers, with the exception of the walls in front of each 
interconnecting duct. The walls in this chamber provide a separate compart- 
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ment for the pressurizer and for the flash and blow-off tanks, and are sup- 
ported on structural steel members which in turn are supported by the steel 
shell (Fig. 2). 


SHIELDING CONCRETE é 


Heavy concrete was not used for these internal radiation shielding walls. 
The standard 3000-psi mix contained 5% sacks of Type IS cement per cu 
yd. The coarse aggregate was river gravel, 114 in. maximum size. Slump 
was specified at 4 in. Some difficulty was encountered in pumping this mix 
when the weather was quite warm. To overcome this, an extra sack of ce- 
ment was added per cu yd so that the slump could be increased to 6 and 7 
in. without impairing the strength. Despite the high slump mix, no shrinkage 
problems were encountered. 
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Fig. 1—Plan and elevation of steel chambers for boilers, reactor, and auxiliary units 
with general details of internal shielding 
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L. EARL TABLER, JR., a civil engineering graduate of the 
University of lowa, is in charge of the construction planning 
and scheduling department of the Machinery Division, Dravo 
Corp., Pittsburgh. Following several years of experience in 


proportioning and control of concrete mixes and placement on 
conventional steam plant construction, Mr. Tabler served as job 
engineer 2 years at the Shippingport atomic power plant. 
There he was responsible for all field engineering relating to 
construction of the nuclear portion of the plant. 


CONSTRUCTION PROBLEMS 


Access and handling 

Limited access to the containers was responsible for most of the problems 
encountered in placing the 2750 cu yd of concrete required for the internal 
shielding walls. In the top of each boiler chamber there are two 10 ft diameter 
and one 6 ft diameter hatchways. In the top of the larger auxiliary chamber 
there are only two 10 ft diameter hatchways. 

Added to the limited access situation was the fact that all materials had 
to be handled manually once inside the chambers. For ease of handling, it 
was decided to use 2x4-ft, 2x 6-ft, and 2x 8-ft prefabricated panel forms 
with a plywood face. The portions of the forms that had to be cut on a radius 
were prefabricated on the job. 

Most of the reinforcement (Fig. 3) in the heavier walls consisted of #11 
bars spaced at 12 in. horizontally and vertically in each face. This presented 
another handling problem, for long #11 bars are quite heavy. Because of 
limited storage space inside the container, each item of forms or reinforcing 
had to be lowered through the hatchways in such a sequence that it could 
‘be installed almost immediately. This required close coordination and co- 
operation among the various craftsmen involved. 


Fig. 2—Structural steel mem- 
bers spanning the lower sec- 
tion of the steel shell sup- 
ported shielding concrete 
walls in auxiliary chamber — 
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Fig. 3—Forms and reinforce- 

ment being erected for first 

lift of concrete inside boiler 

chamber. Forms were pre- 

fabricated in panels sized for 

easy handling inside the cham- 
bers 


The boiler chambers were designed to support the shielding walls after 
the concrete was set, but while the concrete was being placed, auxiliary sup- 
ports were needed beneath the steel shells.) Heavy 12x 12-in. timber shor- 
ing (Fig. 4) between the 7-ft thick foundation slab of the external concrete 
enclosure and the outside of the steel shells was used for this purpose. 


Placing the concrete 


The walls in the boiler chambers were placed in four lifts, three of 15% ft: 


and one of 3) ft. In the auxiliary chamber, the height and number of lifts 
varied with the walls involved. 

Construction of the external portion of the power plant* continued while 
the concrete was being placed inside the container. To minimize all pos- 
sible interferences with this construction, it was decided to use a positive 
displacement concrete pump to get the concrete to the container hatchways. 
The pump selected was capable of pumping 20 cu yd of 3000-psi, 6-in. slump 
concrete per hr through approximately 100 ft of 6-in. steel pipe (about 80 
ft horizontally and 20 ft vertically). The concrete was pumped into a hopper 
located just inside the particular hatchway involved, thence dropped into the 
forms via an 8-in. flexible rubber hose. 


*Concrete 5 ft thick shields the outside of these four steel containers. A brief article on construction of the 
exterior block houses appeared in the ACI Journau, News Letter, May 1957, pp. 25 and 27.—Eprror 


Fig. 4—Shoring of 12 x 12- 
in. timbers between steel shell 
and heavy foundation slab 
supported weight of the in- 
ternal shielding walls until 
concrete had hardened 
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This method of placing was used for all lifts except the last one inside the 
boiler chambers. It was necessary that the last lift of concrete be placed 
tightly against the roof of the shell. To accomplish this, concrete was pumped 
directly into the forms through 8 x 8-in openings cut in the sides of the 
forms at the extreme top (Fig. 5). A 6-in. flexible rubber hose was adapted : 
to the discharge end of the concrete pump steel pipe line to facilitate getting 
the line into the forms. When it became impossible to place any more con- 
crete in a given section of the forms, it was necessary to shut down the con- 
crete pump, remove a section of the pipe, and place the hose in a new posi- 
tion. It was possible to fill the forms to within about 8 in. of the top using 
this method. The remaining 8 in. were filled with dry packed grout after the 
forms were removed. 


| 


Since the discharge pipe of the concrete pump always had to be full dur- 
ing operation, and remain full until it was cleaned by external means, some 
method had to be devised to partially clean the last horizontal run of pipe 
to facilitate the removal of the individual sections. To clean the entire line, 
starting at the concrete pump, would have been much too time consuming. 
Therefore, an auxiliary air line (Fig. 5) with a quick opening valve was tapped 
into the end of this last run of pipe to “blow out’’ as much concrete as possible 
when it became essential to shut down temporarily for change of placing 
position. 19 
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SURFACE TREATMENT . 


Preparatory to the application of a vinyl base paint to the concrete walls, 
all of the air pits and other voids had to be patched and rough protrusions 
removed. A 1:2 grout was then rubbed into the surface with a hand stone. 
After the rubbing was completed, the concrete surfaces were etched with a 
weak solution of muriatic acid and then washed down with clean water. 
With the exception of the painting itself, this operation completed the con- 
struction of the concrete shielding walls. 
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Further Tests of 
Dynamically Loaded Beams 


4 By F. T. Mavis and J. J. Stewart 


Twenty-seven beams, identical except for amount and grade of reinforcement, were 
tested to destruction by spring-actuated impulse loads applied at the third-points 
of an 8-ft simple span. Loads, reactions, bar strains, and deflections were recorded 
simultaneously throughout each test by a motion picture camera at speeds of 2000 
pictures per sec. Frame-by-frame analysis of the pictures showed: (1) all beams 
2 were destroyed when deflection reached about 6 in. (or 6 percent of span length) 
at midspan; (2) at the onset of destructive failure steel strain was less than 4 percent; 
(3) no reinforcing bar fractured in any test; and (4) beams with hard grade bars 
consistently outperformed beams with intermediate or structural grade bars under 


otherwise identical conditions. 


J STUDIES RECENTLY PUBLISHED?” reported dynamic loading tests 
"4 of reinforced concrete beams identical except for grade of reinforcement, 
3 loaded at the middle of a 6-ft simple span by a spring-loaded testing machine 
which released a single destructive impulse between two beams cradled 
pairwise. Those beams were reinforced with 1.6 percent of either structural 
grade, intermediate grade, or hard grade steel. 

There was evident need for more information on the behavior of dynamic- 
ally loaded beams with different percentages of steel as well as different grades. 
Moreover, experiments wherein loads were applied dynamically at the third 
points instead of at midspan were called for. It was soon obvious that the 

apparatus previously used to test beams pairwise under a single impulse was 
inadequate. A fresh start was necessary. Accordingly, the problem of 
supplementing and extending earlier studies involved: 
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1. Building a new spring-loaded testing machine with more than four times the 
capacity of the one used in earlier experiments. 

2. Devising a trigger mechanism that would be adequate for these increased loads 
and be positively controllable within a time tolerance of about 0.2 sec. 

3. Recording simultaneously (a) four oscilloscope traces on the emulsion side of film 
at 2000 pictures per sec in a high speed motion picture camera and (b) photographs of 


a test in progress. 
4. Analyzing data, 
dividually loaded to destruction. 


frame by frame, from a motion picture record of each beam in- 


and summarizes the data on all tests at 
e performance of like-sized beams 
tructural grade, intermediate grade, 


_ This paper covers these points, 
13.3 kips spring-load to show the relativ 
1 with one or two reinforcing bars of either s 


or hard grade steel. 


od 
4 
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Fig. 1—Stress-strain curves 
for three grades of steel used 
in test beams 


i 


Strain —- Per Cent 
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SPECIMENS AND EQUIPMENT 


All beams were 11.0 in. wide, 5.8 in. deep, and 8 ft 6 in. long. One or two #5 bars placed 
4.7 in. from the compression face provided 0.6 or 1.2 percent of steel. 


Bars were selected from six lots of steel including one structural grade, two intermediate 
grades, and three hard grades. Fig. 1 shows the stress-strain curves for steel specimens. 


Beams were cast in gang forms 12 at a time. They were kept wet under burlap or heavy 
paper 7 days and then kept moist for 21 days. Standard 6x 12-in. cylinders tested at 28 


days for each of three groups of beams showed strengths of 5600, 5300, and 6300 psi, respec- 
tively. 


Testing machine 


Fig. 2 is a schematic diagram of the testing machine. The test beam (1) was supported 
on two 9-in. lengths of 6-in. pipe (2) which were welded to posts (3) supported on the base of 
the testing machine. The base was an 18-in. wide-flange beam (4) with web horizontal span- 
ning an open hatchway. 


Two helical springs (5) were 45 in. long (unloaded) and capable of exerting a combined 
force of 24 kips. Each spring had a modulus of 1.28 kips per in. These springs were housed 
in sections of 6-in. pipe bolted to the underside of the wide-flange base beam. 

A needle beam (6) of two 6-in. channels 62 in. long was connected to the bottom of each of 
the loading springs (5) by two 1-in. diameter rods (7). These rods could be adjusted by nuts 
at the top to transmit a predetermined initial load from the spring to the test beam. . 


en ite i ttl Galt appl Pate wir tnng ates. trae ™ 
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Fig. 2—Schematic diagram of 
the loading apparatus 
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consisted of two threaded rods each, front 


eT ee a 


TESTS OF DYNAMICALLY LOADED BEAMS 1217 


Two load yokes which transmitted load 
from the needle beam (6) to the test beam (1) | 


=o lest 


and back of the beam (8), and load rings (9) | 
made of 9-in. lengths of 6-in. diameter Oscill y 
double extra strong pipe with a load trans- ca salar secede ke 

4t-S.Mirror Beam Splitter 


ferring web. | Z 
The trigger mechanism consisted of a 15- me es XX ry 


ton quick release track jack (10) as used in {+Lens- 
railroad maintenance and a two-bar linkage. 
The linkage was made up of a slug or strut 
(11) hinged near its bottom to another link 
(12) which pivoted about an axis at its lower Fig. 3—Optical system 


| 
| 
t 
| 
| 
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Camera- 


at 


i 


end. This axis was fixed relative to the base 


of the testing machine. 

In principle the operation of the testing machine was simple. The springs were loaded 
by hydraulic jacks which raised the needle beam (6) relative to the testing machine base (4). 
The trigger jack (10) was then raised to its highest position and the slug (11) was inserted, 
closing the gap between the extended jack and the needle beam. Slugs of different length were 
available. 

When the quick release jack was triggered the load was suddenly transferred from the 
jack to the system which included the load yokes (8), load rings (9), test beam (1), reaction 
rings (2), and struts (3) supported on the base beam (4). 

This testing machine, used repeatedly in a loading range from 10 to 20 kips, proved ade- 
quate and reliable. With additional springs and details for which provision has been made, 
it will have a maximum capacity of 48 kips. 


Instrumentation 

Electric resistance strain gages (SR-4, type C) were attached to the load rings, reaction 
rings, and reinforcing bars, and four strain signals were recorded on two dual-beam oscillo- 
scopes. 

A motion picture camera operating at approximately 2000 frames per sec recorded data 
from the oscilloscopes and simultaneously photographed the beam during a test. The images 


of the oscilloscope faces were superimposed on the same optical plane by means of a front 


-surface mirror. These images were then brought into focus with the image of the test beam 
by means of a supplemental lens and a dichroic mirror as shown in Fig. 3. Ona black screen 
behind the loading apparatus and test beam, outboard in the field of view, two bright targets 


F. T. MAVIS, dean of engineering at the University of Maryland, 
College Park, formerly headed the Department of Civil Engineering 
at Carnegie Institute of Technology where these dynamic loading 
tests were conducted. Dean Mavis, an ACI member since 1947, 
was corecipient of the 1958 Wason Medal for research, presented 
in recognition of work reported in | Destructive Impulse Loading of 
Reinforced Concrete Beams’ (ACI JOURNAL, September 1957). 


J. J. STEWART is_ assistant professor of civil engineering at 
Carnegie Institute of Technology, Pittsburgh. His study of these 
dynamic loading tests was part of his work for the PhD degree which 
he received at Carnegie Tech in 1957. Dr. Stewart, who joined the 
Institute in 1951, was a structural designer for Richardson, Gordon 
and Associates, Pittsburgh, prior to assuming his present academic 


duties. 
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marked the initial positions of the oscilloscope dots. In this way it was possible to photo- 
graph on the emulsion side of the film both the “event” on the loading stage and the “record’ 4 
of strain as picked up by four dots on the oscilloscopes. With the available equipment it 
would have been impossible otherwise to record oscilloscope traces through the antihalation 
backing of the film at speeds of 2000 pictures per sec. 


TEST RESULTS 


Fig. 4 shows static load-deflection curves for representative beams similar 
to those tested dynamically. Each beam is coded with an alternating se- 
quence of numbers and letters. J identifies intermediate grade of steel, and 
R indicates hard grade. A and B identify one-bar and two-bar beams, re- 
spectively. 

Fig. 5 is an action photograph taken about 60 millisee after a load of 20 
kips was applied to a beam reinforced with two hard grade bars. This load 
was the greatest applied in any of the tests. At the instant Fig. 5 was photo- 
graphed, the concrete had exploded at midspan. 

The horizontal white line across the load rings (Fig. 5) is a thin layer of 
dry sand which is falling freely from its initial position on the surface of the 
unloaded beam. Note the discontinuity of this ‘‘sand line” near the ends of 
the beam, (a) where the sand has just remade contact with the deflected 
beam, and (b) beyond that where the dry sand has rebounded upward from 
the dynamically loaded beam. 

In Fig. 5, the slug (Point 11 in Fig. 2) has cleared its upper bearing on the 
needle beam by some 2 in. The trip-jack has lurched to the right about 6 


. 


in, under the impulse triggered by the load-release mechanism. Fig. 5 gives — 


some impression of the violence of impulse loading. 

Fig. 6 shows the same beam after the dynamic loading test of 20 kips. 
The concrete is crushed at midspan, and it is “sliced off” the sides of the beam 
throughout most of the middle third. Yet the reinforcing bars—in this 


Load - Kips 


Fig. 4—Static load-deflection 
curves for representatative 
beams 
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Fig. 5—Beams with two hard 
grade bars during 20-kip dy- 
namic test. Horizontal white 
line is layer of dry sand spread 
on the beam before test 


Fig. 6—Same beam as in 
Fig. 5 after 20-kip dynamic 
test 


case hard grade steel—are merely strained and bent. There are no indica- 
tions of impending steel failure. 

Fig. 7 shows in more detail the midsection of another two-bar beam and a 
similar, typical failure. 


Vertical splitting of one-bar beams 


Fig. 8 is a close-up plan view of a beam with one bar after a destructive 
dynamic test. The concrete was split vertically above the reinforcing bar 
throughout the middle third of the beam and about 4 in. beyond. Splits 
like this occurred in several tests of one-bar beams loaded dynamically, but 
never in tests of beams loaded statically. Just how they developed in dy- 
namically loaded beams is not at present clear, but something akin to ‘‘whip- 


lash”? may be involved. 


Fig. 8—Plan view of one-bar beam show- 
ing longitudinal split after dynamic test 
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The splits occurred directly above the bar, as if the bar had been struck 
a sharp hammer blow upward and transverse to the beam. Yet, unless the 
beam were moving toward the “hammer” the concrete on the top face of 
the beam (normally the compressive face) would fail in tension—not by 
crushing as it did in the beam shown in Fig. 8. Moreover, as is evident in 
Fig. 7 for a two-bar beam, the steel was stripped from the concrete in the 
characteristic after-appearance of a bond failure in the middle third of the 
beam where the static shear stress (and “theoretical” bond?) is zero. This 
opens another avenue of speculation. In these tests, hard grade bars yielded 
when the midspan deflection of beams was about 1 in. The corresponding 
vertical component of bar stress in the midsection of beam was about 1 kip. 
In a dynamic test the beams deflected at midspan at a rate of about 130 in. per 
sec. How these pieces of evidence—and others—fit together (with the stripping 
of concrete from the steel in the midsection only) may be clear later. At 
present it would seem worth noting practically, (a) that the convention of 
“balanced design’”’ for static loading is shaken up a bit in designing and de- 
tailing logically for dynamic impulse loading, (b) that high strength con- 
crete and high yield steel would seem to be a logical combination of materials 
for reinforced concrete structures intended to resist dynamic impulse loads, 
and (c) that “details” of reinforced concrete construction for dynamic load- 
ings should be viewed from a firmer base than the conventions that have 
long been adequate for static loadings. 


Test data summarized 


Table 1 summarizes all data collected in the dynamic tests. Beams were 
coded by number and letter, as explained in the table. Initial spring loads, 
residual midspan deflections after the test, and residual loads are tabulated. 


TABLE 1—SUMMARY OF TEST RESULTS 


Wank yen eats Maximum 
aximum midspan | Maximum midspan Resi 
Beam No. load, kips |deflection, in. - | load, kips /deflection, in. Pag 
18A 9.8 4.4 1.5 

21A 9.8 4.0 1.9 ae O68 
3SA 13.3 + 0:0 4.0 7.0 
4RA 13.3 4.9 3.4 2.1 10.0 
5IA 13.3 7.4 0.0 

68 13.3 4.8 4.6 19-0" 0:0 
71A 13.3 7.8 0.0 3.0 10.6 
8RA 13.3 8.8 0.6 10.5 0.0 
ORA 13.3 6.0 2.4 

101B 13.3 4.0 6.2 19:8 0:0 
11RB 13.3 2:8 8.9 21.5% 0.0 
12RA 13.3 20/5* 0.0 4.2 10.2 
13RA 1au8 5.0 
14RA 13.3 5.5 ts ues ae 


*Needle beam struck the wood blocking. 
‘Not recorded. 
oTrz: § = structural grade reinforcement. 
I = intermediate grade reinforcement. 
= hard grade reinforcement. 
A indicates one-bar beams; B indicates two-bar beams. 
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Fig. 9—Typical record of Time - Milliseconds 
data from a dynamic test Oo 
25 


(Beam 4RA) 


Deflection -!nches 
fe} 


Qo 
= 
i= 


Load and Reaction - Kips 


0 {0 20 30 40 50 
Motion Picture Frames 


The first two tests were made at a spring load of 9.8 kips which was evi- 
dently less than even the one-bar beams could withstand. The next initial 
spring load explored, 13.3 kips, proved to be discriminating for beams with 
one bar or two bars, and for all grades of steel. Accordingly, 16 tests were 


made at this load. Nine two-bar beams were tested at initial spring loads 


ranging from 16.0 to 20.0. kips—one with structural grade bars, two with 
intermediate grade bars, and six with hard grade bars. Only two of the 
beams loaded in the 16-20-kip range were load-worthy after the dynamic 
test, and both were reinforced with hard grade bars. In both cases the residual 
load was more than 10 kips, or about 20 percent greater than the static ulti- 


mate load of otherwise similar beams reinforced with two intermediate grade 


bars. 

Fig. 9 shows data obtained from a typical test of a one-bar beam reinforced 
with hard grade steel. The steel yielded about 13 millisec after the load was 
applied, and the beam deflected at the rate of 92 in. per sec soon thereafter. 


By plotting bar strains and midspan deflection frame by frame from the 
motion pictures and observing abrupt changes in slope of resulting curves, 
the time and midspan deflection corresponding to nonlinear behavior (yield) 
were noted. The midspan deflection at which this no linearity was evident. 
in this study averaged 1.1 in. for beams reinforced with hard grade bars, and 


0.9 in. for beams with intermediate grade bars. 
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Time ~ Milliseconds Ordinates in the lower 
part of Fig. 9 show load 
$ and reaction as indicated 
a by the oscilloscopes. This 
& tangled record is difficult to 
é interpret in detail. How- 
z ever, it is apparent that 
£ the load on the beam, as 
= indicated by strains in the 
- load ring, reached its maxi- 
& {000 


mum about 2 millisee after 
the spring was released, 
and fluctuated violently 
as shown by the solid line. 
Fig. 10—Typical bar strains during dynamic test The reaction ring indi- 
(Beam 4RA) cated no strain during the 

first 2 millisee of a “whip- 

lash” phase. Thereafter, reaction fluctuated with time, but less violently than 
load. Eventually (beyond the limits of Fig. 9) the beam came to rest at a resid- 
ual load (and reaction) of 3.4 kips and a residual midspan deflection of 4.9 in. 
Fig. 10 shows bar strains for Beam 4RA (the same beam as in Fig. 9) plotted. 
against time as the abscissa. The lines are cut off at the limiting strain re- 
corded by the instruments. Flattened portions of the curves (at strains of 


about 3000 microin. per in.) may indicate adjustments that occur when bars 
slip or concrete cracks. 


Str 


Motion Picture Frames 


Fig. 11 shows all data obtained from tests at 13.3 kips initial spring load. 
Ordinates are residual load in kips after the test, and abscissas are corres- 
ponding residual deflections. Indicated by symbols 1-S are tests of beams 
with one structural grade bar; 1-I with one intermediate grade bar; 1-R 
with one hard grade bar. The symbols 2-8, 2-I, and 2-R denote corresponding 
two-bar beams. Observe that the tests plotted in this way fall into an ord- 


erly pattern—the greater the residual load, the less is the residual deflection 
(obviously) since the initial load is constant. 


CONCLUSIONS . 


The significant conclusions from these tests 


may be drawn from Fig. 11 
as follows: 


1. With just one exception, beams reinforced with one hard grade bar 
showed greater residual load capacity after dynamic test than beams 
reinforced with one structural grade or intermediate grade bar. In fact 


the beam with two structural grade bars behaved almost identically with 
the best of the beams with one hard grade bar. 


2. Beams with two hard grade bars showed the highest residual load 
capacity after a dynamic test, followed in descending order by beams 


~ 
. 
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Fig. 11—Residual load-de- 10 
flection data for tests at 13.3 
kips maximum load 
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Residual Deflection - Inches 


reinforced with two intermediate grade bars and two structural grade 

bars, respectively. 

These conclusions are consistent with those drawn from earlier studie 
The mechanics of beam splitting under dynamic loading (which occurred in 
several tests as shown in Fig. 8) may deserve further comment and experi- 


g_ 1.2 
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Bond in Flat Slabs 
By ELIHU GEER* 


Chapter 10 of ACI 318-56, which deals with the design of flat slabs, makes no mention of 
bond stress. Formula (6) of the Code evidently does not apply to a flat slab (Fig. 1). 


ae dM /dx 
J 50 id 


The writer feels that bond stress might be 
critical in a flat slab without drop panel and 
capital (in other words a “flat plate’). If it 
is critical, then the code should make some 
mention of bond. A similar bond condition 
exists in footings although it is less critical. 


_Timoshenko in Theory of Plates and Shells dM iy ‘na beam but not ina 2-way slab 
gives these differential equations for axially dx 
symmetric thin plates: 


Fig. 1—Computation of bond stress 
formula 


M las ear 
ds dr? r dr 
eee. 
Q Qqxur 2 
r = radial distance M, = radial moment 
Pe nebceton ote, y = Poisson’s ratio - 
Q = shear per unit width 
D = something like HJ q = unit transverse load 


o. 11, May 1959 (Proceedings 
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—=— sae -— Fig. 2—Limit of radial moment in a flat 
| : plate floor 
! 
a 
a 


He also suggests the approximation that in a structural system such as a flat plate floor 
the radial moment is zero at a distance 0.22a from center of column (Fig. 2). 


Using this approximation the ratio of rate-of-change-of-radial-moment to shear-at-face- 


 of-column equals 
(1—v)/b ) (1 +») (°2*) 1 f 
“———-( —} — ———. n{ —— } — — 4+ 0.0121 (3 
dM,/dr 0.1936 (2 Se tas hee hci 


so ke (ic. 3} 0.22a 


From that equation and an assumed value of 0.2 for v, Fig. 3 is constructed. We can compute 
the shear at face of column easily and multiply it by the chart value of (dM,/dr)/Q to 
obtain dM,/dr to be used in the bond equation 


dM r/dr 
Loja 

Obviously the results are not precise. Assumptions of zero moment at r = 0.22a, round 
columns, and equal spans form the bases for the formula. In addition, the material is not 


homogeneous and the reinforcing bars are not radial, However, here is a starting point for 
selecting a better theory and for making tests to confirm or disprove it.* 


u= 


b _ radius of column 
a” panel length 
* Po 04 0.06 0.08 0.10 _ 
a ORE ee VO AG MNS Se ee a pecs 
*;, EES PE Raa TR Ra Res ee 
(f ORC SSS ae A RPE ET CSG © Ey 
cy ae PNG SRS: RS WR $2.9 TS ANG Dee 
sf Rs: I PRR A I OE ee a 
Fe Re SS RY TI", ere lores, Si Ra 
Ay SRE BIEN RR SS “cs a LS, a 
IG SA PE A al UR Be aS a 
"1 SCS POR SRN a ca ER i Ca Mey 
ALTERS S86 RM A ae WR ME MET a: 1 
5 eth sy NR OY, AY CCU Hams LS RE eas 
"4 2.7-—>~ +} + TF 
9 6)-44. ol te ee Fig. 3—Values of moment- 
W UG PRY ieee Wd oe ces shear ratio used to calculate 


bond stress in slabs 


*Preliminary tests are in progress and indicate some confirmation of theoretical coefficients, 
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Prollems and Practices 


A series relating to “down-to-earth, every- 
day” concrete problems which attempts to give 
brief answers to the more common (and some- 
times uncommon, too) questions asked about 
concrete design and construction practices. 


To some, the answers will seem simple and 
obvious; others may prove controversial. 


All ACI members are invited to participate— 
either by submitting an inquiry, or even better, 
by telling JOURNAL readers how an intriguing 
problem was solved. It may well be that readers 
will be able to suggest more practical solutions 
than those presented. 


Further discussion has been received on tor- 
sional stresses in spandrel beams of flat slabs 
designed according to ACI 318-56. The ori- 
ginal question appeared in the Problems and 
Practices Section, ACI JouRNAL, Jan. 1959, 
p. 814. 

Concerning the torsional stresses occurring 
in the spandrel beams of flat: slabs if these 
slabs are designed according to ACI 318-56, 
I would like to add the following discussion. 

Although concrete members have the abil- 
ity to relieve themselves of torsional stresses, 
and although both common practice and 


- geveral building codes rely on this ability, I 


personally feel that in certain cases the com- 
bined shearing and torsional stresses should 
be investigated, and that a note to that effect 
should appear in the codes along with a table 
of allowable stresses. 

In our office we have designed rigid build- 

ing frames relying entirely on the torsional 
resistance of the spandrel beams, and we used 
as a guide for allowable torsional stresses 
the “Hellenic Technical Regulations (TEK 
1950).”’ A free translation of the related 
paragraphs is: 
“Tn the case where a member is loaded by 
torsional moment only, and the torsional 
shearing stress exceeds the allowable for un- 
reinforced concrete, the total diagonal ten- 
sion is to be taken by reinforcement. 


“Torsional shearing stress in properly re- 
inforced members shall not exceed the allow- 


able shearing stress in properly reinforced 
concrete. 


“The same regulations as above shall apply 
for the algebraic total of the shearing stresses 
that are caused by the simultaneous action of 
torsional and bending moment, with the only 
difference that allowable stresses are higher 
The member shall be checked also for each 
loading separately so that each separate stress 
shall not exceed the corresponding allowable 
stress for each loading.” 


ALLOWABLE STRESSES 


Strength of concrete in 28 days 


160} 225 
2280|3200 


300 


c 
kilograms per sq em 120 
4270 


psi 1710 


Shear without special reinforce- 
ment: 

(a) Maximum allowable stress 

pikcessed special reinforcement 

Ve 
for slabs 

kilograms per sq. cm, 6 8 

psi 85.4|113.8 


9 10 
128)142.2 


for other members 
kilograms per sq cm 4 6 if 8 
psi 57| 85.4/99.6|113.8 


(b) Maximum allowable stress 
in properly reinforced mem- 
bers. (Total stress to be tak- 
en by reinforcement.) (v) 
kilograms per sq cm 14 16} 18 20 
psi 199| 228) 256 


Torsional shear of rectangular 
sections: 
(a) Maximum allowable stress 
vamos special reinforcement 
Ve. 
kilograms per sq cm 4 5 6 7 
psi 57 


(b) Maximum allowable stress 
in properly reinforced mem- 
bers. (Total stress to be tak- 
en by reinforcement.) (v) 
kilograms per sq cm 14 16; 18 20 
psi 199} 228 


Shear due to bending action si- 
multaneously with torsion: 
(a) Maximum allowable stress 
without special reinforcement 


Ve) 
; kilograms per sq cm 6 8 9 10 
psi 85.4|113.8| 128)142.2 


(b) Maximum allowable stress 
in properly reinforeed mem- 
bers. (Total stress to be tak- 
en by. reinforcement.) .(v)~ 
kilograms per sq cm ly 20| 23 26 
psi : 242| 284 
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The same regulations comment on maxi- 
mum negative moments and minimum posi- 
tive moments at the midspan of continuous 
slabs. The free translation of these comments 
is: 

“Negative moments at midspan. Be- 
cause of the torsional resistance of 
the supporting concrete beams when 
placed integrally with continuous rein- 
forced concrete slabs, it is allowed that 
these slabs be designed to resist half 
the theoretical value of negative mo- 
ments at midspan when these moments 
are due to live load only.” 


This of course explains the common practice 
of providing negative reinforcing in slabs 
for a length equal to the quarter span even 
if the proportion of live to dead load indicates 
negative moment throughout the span. 


The next paragraph is also based on the 
effect of torsion. 


“Minimum positive moment at midspan. 
If the theoretical maximum positive 
moment at the midspan of a continuous 
slab proves to be less than the positive 
moment resulting from fixed-end con- 


The Problems and Practices sec- 
tion is an open forum on everyday 
topics. JOURNAL readers are in- 
vited to contribute their solutions to 
problems that occur in the field or 
office—whether common or un- 

_ usual. 


Perhaps your solution is a better 
way of handling some everyday 
problem that others are looking for. 


Give your fellow ACI members the 
benefit of your experience on these 
problems. 


Items appearing in this section 
can vary from 100 to 1000 words. 
It is an ideal place for those prac- 
lical items generally considered too 
short to be submitted for publica- 
tion, but containing material of po- 
tential importance to a great many. 
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ditions, the slab at midspan is to be 
proportioned for this last condition.” 


Concerning the restraint induced by a span- 


drel beam the same regulations comment: 


“Restraint of end support. For the es- 
tablishment of the maximum positive 
moment for the end span of a slab, such 
an amount of restraint of the exterior 
support may be taken into account as 
can be proved certain and safe by 
analysis.”’ 

D. ZaviTziaNnos 


Senior Desi; 
Shore and 


Q. Further comment is offered on the question: 
What is the detrimental influence of mica in 
concrete aggregates and the critical percent- 
age if limits have been established?* 


A. Large amounts of mica in a rock tend 
to indicate igneous or metamorphic origin in- 
volving original crystallization at great pres- 
sure and high temperature. The mica may be 
carried over into sedimentary formations, but’ 
due to the weak structure of the mica, there 
would not ordinarily have been much modi- 
fication of the original mineral composition 
of the rock if much mica remains in the sedi- 
ment. This latter would also be generally 
true of a fine aggregate containing large a- 
mounts of mica. Hence the mica, in addition 
to being structurally weak itself, tends to in- 
dicate the presence of other minerals formed 
under the same circumstances. 


Such minerals, having achieved forms of 
stability under conditions at depth in the 
earth’s crust, may then be expected to display 
relative instability at the earth’s surface. In 
the presence of the active chemical agents of 
portland cement, a relatively high tendency 
to alter to other forms may be expected. This 
suggests the possibility of undesirably high 
aggregate reactivity of unknown character. 

Practically speaking, these considerations 
reinforce the final paragraph of the original 
answer. * 

ELMER L. Muneer 
Kendal Gil magma 
Northfield, Vt. 


*Concrete Briefs section, Problems and Practices, 
ine RAs aon V. 30, No. 5, Nov. 1958 (Pronenienan 
»P. . 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


Construction 


Waterfront structure design for varying 
conditions 
Wuuiam C. Stevens and Joxun S. WILson, Proceed- 
ings, ASCE, V. 84, WW 3, May 1958, pp. 1639-1— 
1639-31 
AutTHorsS’ SUMMARY 

Review of the different designs of pier and 
wharf structures constructed by the Port of 
New York Authority during the past 10 years. 
Effects of site conditions and functional re- 
quirements on each of six major projects are 
discussed and the resulting construction 
described. 


Field inspection of building con- 


struction 
Tuomas H. McKaie, F. W. Dodge Corp., New York, 


1958, 352 pp. $9.35 

Scope of book is broad, covering all phases 
of construction and many different methods 
and trades. Following a discussion on the job 
of the inspector, the construction project is 
followed through the preliminary, foundation, 
structural framing, intermediate, and fin- 
ishing stages. A separate chapter is devoted 
to inspecting concrete work; the predominant 
source reference being the ACI Manual of 
Concrete Inspection. 


Structural features of the new Binns 


store in Middlesborough 


F.R. Burin, The Structural Engineer (London), V. 


35, No. 11, Nov. 1957, pp. 408-419 
Reviewed by C. P. Siess 


Describes design and construction features 
of large department store including: rein- 
forced concrete foundation piles; reinforced 
concrete retaining walls around deep base- 


A part of copyrighted JouRNAL OF THE AMERI 


. 55. Address P.O. Box 4754, Redford Station, Detroit 19, Mich. ; 
Oe ete cE Tf it is followed by a foreign title the work reviewed is in that 
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In most cases ACI can furnish addresses of publications added later. ee. ; 
ection for pasting on cards for card indexes, a limited number of compli- 
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are not available throug 
year. 4 

For those members who cut apart this 8 
mentary reprints of the ‘Current Reviews 


ment; continuous rows of bored piles for un- 
derpinning adjacent structures; erection of 
steel frame; and elliptical reinforced concrete 
stair extending five stories of 15 ft each with 
intermediate supports between stories. Pro- 
vision was made for post-tensioning stair to 
reduce deflection but was not needed and 
not used. 


Scaffolding—your guide to major 
types, specifications, applications 
Building Construction Illustrated, V. 26, No. 1, Jan. 
1959, pp. 54-58 

General specifications for 14 types of frame 
scaffolding arranged in tabular form. In- 
cludes load capacities, maximum height, 
standard panel widths, type, size, and mate- 
rial of leg. Also includes a list of safety 
rules and regulations. 


Construction Techniques 


Composite construction 


Fevrx J. Samunty, The Reinforced Concrete Review 
(London), V. 3, No. 8, 1955, pp. 477-499; discussion 
pp. 499-510 


Reviewed by Wituiam R. LorMAN 

Concerned with the practical aspects of 
composite construction which combines the 
advantages of prefabricated materials, such 
as steel and precast concrete, and the advan- 
tages of in-situ construction. These advan- 
tages are presented and examined thoroughly 
as six items in the first half of the paper. The 
second half is concerned with examples of 
three main types of composite construction 
involving the following combinations: (1) 
precast and in-situ concrete, (2) prestressed 
and in-situ concrete, and (3) structural steel 
and in-situ concrete. 


can Concrete Institute, V. 30, No. 11, May 1959, Proceedings : 


Where the English title only is given in a 


Copies of articles or books reviewed 
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Safe anchorages in concrete 
F. E. Jonrs, Rubber Developments (London), V. 11, 
No. 4, 1958, pp. 131-132 

Attaching materials such as wood floors, 
vertical cladding systems, or stone facing to 
a concrete structure is done by means of slots 
or square-cut metal channels which are formed 
in the concrete during its placement. Using 
rubber molds to form these channels, it is 
possible, after the concrete is hardened, to 
withdraw the flexible rubber formers and re- 
use them. Metal anchors which are inserted 
into the shaped concrete slots are secured 
with grout which forms a better bond with 
the concrete slot than it does with its metal 
counterpart. 


Design and construction of certain 
temporary works, Upper Silent Valley 
Reservoir 
W. J. Suimuny, The Structural Engineer (London), V. 
35, No. 10, Oct, 1957, pp. 368-381 
Reviewed by C. P. Sress 

Describes construction features for large 
dam including: a large steel derrick gantry of 
400-ft span; a timber and steel set of aggre- 
gate bins of 900-ton capacity; and a precast 
concrete screening and aggregate storage bin 
of 1800-ton capacity. 


Reinforced concrete in coast protection 
tacos 
A. Lewis, The Reinforced Concrete Review 
tion) 3, No. 10, 1955, pp. 697-707; discussion 
Root Reviewed by Wituiam R. Lorman 
Presents the economic and technical advan- 
tages of using reinforced concrete for sea 
walls; also considers the “retaining wall’’ as- 
_ pects of sea walls of reinforced concrete. A- 
mong the technical features included are de- 
sign factors which are divided into three 
groups: (1) wave pressure; (2) beach level, 
configuration, and material; and (3) ground 
formation and material behind the wall. Also 
presents the practical aspects of designing 
reinforced concrete walls subjected to varying 
conditions. This is followed by a brief section 
pertaining to the disadvantages of employing 
reinforced concrete in jetties; prestressed con- 
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crete is unwarranted in view of potential de- 
terioration by abrasive forces. 

Discussion covers suction damage, concrete 
durability, mix proportioning, and construc- 
tion joints. 


Sandwich-type structures made up of 
connector-joined panels (in Swedish) 
Axe Hotmperc, Nordisk Betong (Stockholm), V. 2, 
No. 4, 1958, pp. 377-388 
iewed by MARGARET CoRBIN 

Deals with structural units consisting of 
two concrete panels with a mineral wool mat 
between them. A method is proposed for 
designing the connectors which hold the pan- 
els together. This is followed by calculations 
of deflection, mean shearing stress, moments 
and forces due to a vertical load acting on a 
supported panel; to a vertical load acting on 
a bearing panel; to a uniformly distributed 
load acting at right angles to the unit; and 
to a difference in temperature. An example 
is worked out. 


Load-factor methods of designing 
ae are 
G. a The Reinforced Concrete Review 
Gondan) , No. 8, 1955, pp. 511-555; discussion 
p. 555-569 


Reviewed by Wiuttam R. Lorman 


This paper is concerned principally with 
ultimate strength features of reinforced con- 
crete. The introductory portion includes def- 
initions of the three primary principles. 

A review of current knowledge covers: 
safety risks, loads in structures of various 
types, basis for strength calculations (con- 
crete deformations, steel deformations, and 
deformational variations across any cross 
section), axially and eccentrically loaded 
columns, helically reinforced columns, beams, 
two-way slabs, interaction between slabs 
and beams, and continuous beams and 
frameworks. 


The concluding portion is concerned with 


_ suggestions for modifying strength formulas 


used in designs that offer sufficient load fac- 
tors against not only structural collapse but 
also against abnormal cracking and defor- 
mations in the structures, 


_ The discussion ranges in subject from de- 
sign calculation coefficients to statistical tech- 
niques for calculating failure probability. 
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Practical aspects of ultimate strength 
design 
Aurrep L. Parmn, Proceedings, ASCE, V. 84, ST 5, 
Sept. 1958, pp. 1757-1-1757-22 
AuTHoR’s SUMMARY 

Time-saving design charts for the rapid 
selection of the critical-load-factor combi- 
nation are presented. Also includes studies 
comparing the loads and area of reinforce- 
ment as obtained by the ultimate strength 
procedure to that obtained by conventional 
¢ methods. 


Thermal considerations in the design 
of concrete shields 


J Harotp S. Davis, Proceedings, ASCE, V. 84, ST5, 
“d Sept. 1958, pp. 1755-1-1755-25 

. AuTHOR'’s SUMMARY 
ca 

: Behavior and properties of concrete struc- 
y tures for shielding atomic power plants are 
ie discussed briefly. Methods are presented for 
estimating thermal effects associated with 


~ 
x 


linear and nonlinear distributions of temper- 
ature, nuclear heating, and shield cooling. 
These data and procedures are subsequently 
used for analyzing several design problems 
and thermal criteria. 


Slopes and deflections of beams 


R. J. Cornisu, The Reinforced Concrete Review 
(London), V. 3, No. 8, 1955, pp. 587-594 


Reviewed by Wintiam R. LoRMAN 

The procedures set forth in this paper are 
claimed to be simpler and faster than New- 
mark’s methods (for determining slopes and 
deflections of structural members) which 
‘appear in V. 3, No. 5 (1954) of this period- 
-__ jeal. The analytical procedures are presented 
in four problems two of which are from New- 
mark’s paper. An appendix contains proof 
of the Simpson’s Rule method. Four tables 
and two figures are used to demonstrate the 
procedural steps. 
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Reinforced concrete fundamentals 
Pum M. Ferevson, John Wiley and Sons, Inc., New 
York, 1958, 604 pp., $9.50 

Designed for use as a text in an introduc- 
tory course in reinforced concrete, this book 
covers topics not previously a part of an un- 
dergraduate program. Emphasis is placed 
on ultimate strength theory and behavior of 
members under load. These emphases are 
made because of the author’s feeling that 
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while specifications change, failure patterns 
represent permanent knowledge. However, 
text is written so that teachers who wish may 
defer the study of ultimate strength theory. 


Topics covered include beam analysis by 
ultimate strength theory and conventional 
theory, axially and eccentrically loaded col- 
umns, and cantilever retaining walls. Four 
chapters are devoted to slabs—one-way, two- 
way, and flat slabs are discussed, and one of 
the chapters treats yield-line theory for slabs. 
There are also chapters on footings and pre- 
stressed concrete analysis. Deflections, and 
frame analysis by moment distribution and 
by limit design are discussed in appendices. 


Materials 


Influence of sand containing humic 
compounds on strength of concrete 
(in Swedish) 


Torvo KartruneN and Trnno SNECK, Nordish 
Betong (Stockholm), V. 2, No. 4, 1958, pp. 389-396 
Reviewed by Marcaret CoRBIN 
The sodium hydroxide test for organic 
impurities ignores the chemical nature of 
such impurities. Therefore, a sand which 
yields a negative reaction can be potentially 
undesirable. The paper reviews some in- 
vestigations dealing with the mechanism of 
the action of humus. Forsen has shown that 
humic substances may act as accelerators in 
the presence of alkalies. The author believes 
that this effect may be due to the effect of 
inorganic salts present on the surface of humic 
sand. It is pointed out that a more reliable 
test method is needed. 


-Pozzolanic properties of Washington 


State pumice and pumicites 


BE. N. Kiemearp, Bulletin 242, Washington State 
Institute of Technology, State College of Washington, 


Hicuway ReswarcH ABSTRACTS 

Sept. 1958 

Nearly all of the Washington pumicites 
and pumices have positive pozzolanic prop-: 
erties. Their pozzolanic activity can be ap- 
preciably enhanced by calcination. The 
properties of pozzolanic materials for 21 de- 
posits within the state have been determined 
with respect to grindability, density, surface — 
area, available alkalies,~ drying shrinkage, 
and compressive strength. This information 
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should be useful for those concerned with 
the economics and mix proportioning of con- 
crete for massive structures at various loca- 
tions in the state. 


Use of sawdust as concrete aggregate 
(in Rumanian) 
M. A. Serpan, Constructiilor si a Materialelor de 


Constructii (Bucharest), V. 10, No. 7, July 1958, pp. 
373-379 


Reviewed by J. J. PottvKa 


Thorough discussion of possibilities of using 
sawdust with sand, slag, ashes, and gravel 
for various purposes, as substitute for other 
building naterials. 


Wet grinding of cement raw materials 


J. Ricuarp Tonry, Pit and Quarry, V. 51, No. 8, Feb. 
1959, pp. 93-97 


AvtHoR’s SUMMARY 


Wet raw grinding with the operation of 
circuits using classifiers is discussed. Various 
classifiers are being used in the cement in- 
dustry to increase the production rate of 
grinding equipment and to eliminate oversize 
particles from slurry. 


Pavements 


New membrane claimed to revolu- 
tionize concrete laying practice 
Highways and Bridges and Engineering Works 
(England), V. 26, No. 1261, Oct. 1, 1958, p. 8 
Hienway Researcn Ansrractrs 
Feb, 1959 
“Lubrithene”’ is a thermoplastic membrane 
material (with a high-slip finish, f = 0.25) 
that is laid on the base prior to the placement 
of concrete. This slippery finish permits the 
pavement slab to move or ‘float’? horizon- 
tally, which limits early uncontrolled cracking 
thus allowing a reduction in 28-day compres- 
sive strength from say 6500 psi to 2500 psi. 


Concrete road construction in nine 
European countries (in Dutch) 
Van Der Buran, Durron, and Streit, Cement (Am- 
sterdam), V. 10, No. 17-18, June 1958, pp. 725-734 
Reviewed by Joun Wi T. Van Erp 
Article is one of the papers presented at the 
International Concrete Road Congress, Rome, 
1957.. Gives numerous examples and infor- 
mation on: concrete mixes; curing; slab thick- 
ness and loads; monolithic or layer construc- 
tion; reinforcement, conventional or pre- 
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stressed; amount of reinforcement per unit 
area; testing by drilled cores, conventional or 
nondestructive; joints, and joint spacing. 
Conclusion is for the increase of prestressing, 
which has proved quite economical and 
satisfactory for road and airport pavements. 


Precast Concrete 


Calcium chloride as accelerator for 
precast concrete (El cloruro cdlcico 
como acelerador en la prefabricacién 
de hormigé6n) 

J. Cattesa Carrete, Bulletin No. 185, Instituto 


Técnico de la Construcci6n y del Cemento, Madrid 
1958, 38 pp. 


Reviewed by Rocer Diaz pe Cossio 
After a brief historical introduction, the 
paper describes with great detail an experi- 
mental investigation made to determine, for 
given local conditions and materials, the op- 
timum amount of calcium chloride necessary 
to obtain a strong mortar in a short time. 
The optimum dose was found to be 3 percent, 
and it was successfully applied to the fabri- 
cation of precast concrete window frames. 


Manufacture of concrete masonry units 
Wituiam Grant, 2nd Edition, Concrete Publishing 
Corp., Chicago, 1959, 261 pp., $5 

The original edition has been revised and 
enlarged considerably. A practical handbook 
on the manufacture of concrete masonry units, 
the recommended practices contained in it 
should serve as a guide toward accomplishing 
the improved control desirable in present day 
concrete masonry manufacture. 

Sections are devoted to cement and aggre- 
gates, including properties, testing, grading, 
and proportioning; admixtures; mixing and 
processing concrete; kilns; curing; cracks in 
block walls; prefabricated floor systems; 
steam boilers; fuels and combustion; selection 


of block machine; and specifications and 
testing. 


Tests of precast expanded clay con- 
crete slabs reinforced with prestressed 
elements of dense concrete (in Russian) 


J. G. Suna@atuuurn, Beton i Zhelezobeton (Moscow), 
July 1958, pp. 270-273 


Reviewed by D. WarstEin 


Two series of tests were made on expanded 
clay concrete slabs 6.3 in. deep with a span of 
11.8 ft. One series of slabs was reinforced 
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with 2 in. square prestressed prisms of dense the maximum size wire may be 0.276 in.(7mm) 
concrete and the other series with 1.2x 8-in. diameter; the CCL anchor grip is considered 
prestressed planks. The prestressed prisms the most compact for single-wire work. The 
were spaced about 14 in. apart, while the pre- system was employed initially in 1953. 
stressed planks formed a continuous lower The paper furnishes details concerning: 
surface of the slabs. The paper presents the the grip, jack, cable and anchorage, curved 
results of sustained load tests and short term _gtressing tube (for situations where space 

4 tests. The properties investigated include }ehind the anchorages is insufficient to oper- 


. flexural rigidity, strain. distribution along the 
Al entire depth of the slabs, formation of cracks, 
and resistance to shear. 


Composite slabs of the type investigated 
compare favorably with monolithically cast 

s dense concrete prestressed elements with re- 
> spect to expenditure of steel and high strength 
concrete, and dead weight. The fabrication 
process is reportedly quite simple and re- 


a quires no elaborate installation. 
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ey Prestressed Concrete 

. 

= Prestressed concrete beams: tests on 
“a beams with 0.276-in. wire 

s- s The Reinforced Concrete Review (London), V. 3, No. 8, 
— 1955, pp. 595-600 

nia Reviewed by Witt1am R. Lorman 
a 


Brief description of static and fatigue tests 
conducted by the Civil Engineer’s Depart- 
ment of the British Railways (Eastern Re- 
gion). The test results corroborated the fea- 
sibility of 0.276-in. diameter smooth steel 
wire for pretensioning of high-strength con- 
erete beams having various lengths up to 22 ft. 
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The Gifford-Udall-CCL 
some recent developments 


stressed concrete 


E. W. H. Girrorp, The Reinforced Concrete Review 
(London), V. 3, No. 10, 1955, pp. 735-771; discussion 


pp. 771-779 


system and 
in pre- 


Reviewed by Wim1iAmM R. LorMAN 


This prestressing system was developed to 
decrease the labor and equipment costs and 
to facilitate the general adoption of pre- 
stressing as a construction technique espe- 
cially with regard to the smaller type struc- 
tures. One of the prerequisites was that 
“ one man should be able to carry out 
the complete stressing operation with a single 
tool that he could carry by himself.” By 
limiting the combined jack and pump weight 
- to a maximum of 56 lb, the maximum force 

attained may be slightly beyond 13,000 Ib; 


ate the jack), edge- and groove-type anchor- 
ages, circular tank anchorage, stressing stool 
(for insertion of shims between anchor grip 
and bearing plate), and double-ended spring- 
loaded grip. One section consists of two 
groups of examples; one shows construction 
jobs that emphasize economy and the second 
pertains to jobs that incorporate unique pre- 
stressing features. Footbridges, frames, 
trusses, beam systems, an industrial building, 
and a research laboratory are covered in the 
first group; cantilever roof beams, church, 
residential structure, and underpinning work 
are featured in the second group. Appendix 
I pertains to tests on the CCL grips and 
Appendix II contains test and computational 
data with regard to a 46-ft span highway 
bridge beam. 

The discussion centers about operational 
details that relate to: the stressing stool, bond 
of the wire, hydraulic jack pressure indicators, 
the use of plasticizers in the grout, types of 
anchorage, and efficiency of operators. 

The reader will find that this paper is 
interesting and well-written. 


Progress in precast prestressed concrete 
(in Dutch) 


Sruvo Commirren, Cement (Amsterdam), V. 10, No. 
15-16, Apr. 1958, pp. 641-650 
Reviewed by Joun W. T. VAN ERP 

In this particular field the joints made on 
the job are the most critical details of con- 
struction; their development from the sim- 
plest grouted beam-column joint acting as a 
hinge, into the more elaborate rigid joints are 
given. Different stages in the development 
of the rigid joints are: continuity by mild 
steel grouted in, continuity by mild steel in 
cast-on-the-job intermediate elements form- 
ing a combined prestressed and conventional 
structure, and continuity by field. stressed 
units. Many examples are given of bridges 
with joints at points-of inflection. These © 
joints are often formed by prestressing 
laterally into gip-bridging elements. 
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Creep and shrinkage measurements of 
prestressed concrete structures (Erge- 
bnisse von Kriech- und Schwindmes- 
sungen an Spannbetonwerken) 
Unricn Finsterwaupver, Beton- und Stahlbetonbau 
(Berlin), V. 53, No. 5, May 1958, pp. 136-144 
Reviewed by Vavpis LApsins 
Gives new results of structures tested, 
supplementing information previously pub- 
lished and contained in Beton- und Stahlbe- 
tonbau of January, 1955. Results of measure- 
ments verify that actual behavior of struc- 


' tures agrees with theoretical computations. 


Safe stresses in prestressed concrete 
(Résistance et sécurité du béton pré- 
contraint) 
¥F. Dumas, Travauz (Paris), V. 42, No. 289, Nov. 1958, 
pp. 977-985 

A general review containing recommenda- 
tions for design, materials, and construction 
requirements to achieve maximum safety in 
prestressed concrete structures. 


Recent prestressed structures in the 
Netherlands (in Dutch) 
A. 8. G. Bruecetine, Cement (Amsterdam), V. 10, 
No. 15-16, Apr. 1958, pp. 635-638 
Reviewed by Joun W. T. Van Erp 
Examples of bridges, factory buildings, 
and roads are given. Bridges are mostly 
continuous. Also example of an arch bridge, 
with a high arch, without lateral bracing of 
the arches, and with a prestressed road slab. 
Good results are also reported of pre- 
stressed road slabs where joints are reduced 
to a bare minimum. 


Experimental study of prestressed con- 
crete power transmission poles (in Rus- 
sian) 
A. D, Lieperman and O. M. Runacn, Beton i Zhelezo- 
beton (Moscow), No, 11, Noy. 1958, p. 421-424 
Reviewed by D. Warsrrin 
Three types of prestressed transmission 
poles designed to carry 6 to 10 kilovolts were 
recently investigated. These poles were 40 
ft long and tapered from 9.5 x 13.4 in. at 
base to 5.5 x 7.9 in. at the top. One type of 
poles had an I-section with suitable dia- 
phragms, while the other two types had 
solid sections and were perforated with oval 
or rectangular openings. The perforated 
poles of solid section were preferable from 
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standpoint of concreting in that the forms 
could be filled in a single operation. The 
poles containing rectangular openings did not 
develop sufficient resistance to shear. The 
poles containing oval openings were rec- 
ommended for adoption by the industry. 


Calculation of prestressed construction 
in building erection methods with 
particular attention to shrinkage and 
creep (Die Berechnung von Spannbe- 
tonkonstruktionen in Montagebau- 
weise bei besonderer Beriicksichtig- 
ung des Betonschwindens und -krie- 
chens) 
HERRMANN RvuHue, Proceedings, Second Congress of 
Fédération Internationale de la Précontrainte, Am- 
sterdam, 1955 (published 1958), pp. 353-360 

Results of theoretical studies based on ex- 
tension of the elastic theory to plastic de- 
formations emphasize that if concrete is 
added after assembly of precast prestressed 
units to give the final form of the structures, 
stresses will occur due to the different 


phenomena of shrinkage and creep in the. 


two concretes which will affect the prestress. 


Properties of Concrete 


Hysteresis in length changes of con- 
crete undergoing wetting and drying 
cycles (in Russian) 


8. V. ALexanprovsky, Beton i Zhelezobeton (Moscow), 
No. 9, Sept. 1958, pp. 344-346 


Reviewed by D. Warstzm 
Shrinkage and expansion studies were 
made on 5x5x1l-cm prisms which were 


coated with paraffin on the sides and were 
permitted to dry only at the ends. 


Author performed extensive measurements 
of shrinkage and expansion and the corres- 
ponding changes in the moisture content of 
the specimens. The length changes plotted 
against the changes in moisture content show 
characteristic hysteresis loops which become 
stabilized with time and approach a constant 
pattern. At the same time, the lower and 
upper limits of the length of the specimens 
are reduced with time. 


Author cites the theory of Sheikin on the 
gel structure of the cement paste as being in 


accord with the observed moisture-deforma- 
tion relationship. 
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Improving the water repellency of 
hardened concrete 

Bulletin No. 197, Highway Research Board, Nov. 
1958, $0.50 


Scaling resistance of concrete improved through 
silicones 
F. J. Marpvuuirr, pp. 1-12 


Discusses factors affecting scaling, field 
and laboratory tests, mechanics of silicone 
protection, hypothesis of silicone action, and 
depth of penetration, and presents some 
limited conclusions. 


New York State’s experience in use of silicones 
H. B. Britton, pp. 13-23 


Discusses investigations of silicone appli- 
cation on field installations. Laboratory 
studies were also made. 


How to utilize dynamic elastic modu- 
lus of concrete (in Japanese) 
Yosurro Hrevucut, Journal, Japan Society of Civil En- 
gineers (Tokyo), V. 43, No. 7, July 1958, pp. 19-24 
Reviewed by Kryrosu1 OkaDA 
Surveying the available information on 
dynamic modulus of elasticity, Poisson’s 
ratio, and logarithmic decrement obtained 
from concrete specimens, author concludes 
that the dynamic modulus of elasticity de- 
termined by resonnant-sonic-flexural fre- 
quency is most suitably used for testing dur- 
ability of concrete, while that by resonnant 
frequency of longitudinal wave is most effec- 
tively used for the quality control of concrete. 


Effect of early freezing upon basic 
properties of quick setting concrete 
(in Russian) 


g. N. Kororxov, Bulletin Stroitelnot Tekhniki (Mos- 
cow), V. 14, No. 8, Aug. 1957, pp. 15-18 


Reviewed by Hrrsrrt HE. Kuse 

Presents research data on investigations 
of the effect of early freezing on reinforced 
concrete samples made by using quick setting 
and high strength cements. Studies con- 
sider the effect of early freezing on (1) final 
strength, (2) bond between the concrete and 
the steel reinforcement, and (3) watertight- 
ness. Concrete resistance to frost and time 
factor are also being studied. The results 
suggest’ that if quick setting concrete is 
kept for the first 3 days at normal tempera- 
tures, frost effects are negligible on its basic 


properties. 
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Effect of initial curing temperature on 
the strength of mortar and concrete 
(in Japanese) 
SuHuNnsuKE TAKANO and Akio YanaGawa, Semento 
Gijutsu Nenpo, V. 7, 1953, pp. 225-229; Part II, V. 8, 
1954, pp. 298-304 
Crramic ABsTRACTS 
Oct. 1958 (Y. Suzukawa) 
Mortar specimens made with normal port- 
land cement, having temperatures of 5, 20, 
35, and 50 C at the end of mixing were cured 
at these temperatures for 1.5, 3, 6, and 24 hr, 
respectively, and then cured moist or wet 
at 20C until the time of test. Mortar 
strength at 3 days increases with rising initial 
curing temperature, but the lower the initial 
curing temperature, the greater is the strength 
development at later ages. An initial curing 
period of 1.5 to 24 hr has little influence on 
the strength of mortar. The strength of neat 
cement paste and concrete cured under the 
same conditions is similar to that of mortar. 
These results agree with those of thermo- 
gravimetric analysis of hydrated cement 
pastes cured initially at 5 to 50 C for 24 hr. 
Part II: The same tests were made on a 
normal, a rapid hardening, and a moderate 
heat cement. The effect of initial curing 
temperature on strength development at 
later ages of the rapid hardening and mod- 
erate heat cements is not so marked as in the 
case of the normal cement. The relation 
between the amounts of combined water and 
the compressive strength of neat paste was 
determined, and differential thermal analysis 
was made. No explanation is given, however, 
for the difference in the effect of initial curing 
temperature on strength development at 
later ages according to the kind of cement. 


Mechanisms by which air-entraining 
agents affect viscosities and bleeding 
properties of cement pastes 
G. M. Brurrn, Australian Journal of Applied Science 
(Melbourne), V. 9, No. 4, Dec. 1958, pp. 349-359 
AvuTHor’s SUMMARY 

Measurements were made of the effects of 
a series of surface-active agents on viscosities, 
bleeding rates, and bleeding capacities of 
cement pastes both in the absence of entrained 
air and in the presence of varying amounts 
of entrained air. 

The results show that the factors affecting 
the viscosities of cement pastes containing 
air-entraining agents are the effect of the 
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agent on the adhesion of air bubbles to cement 
grains, the effect of the agent on the inter- 
particle attraction between cement grains, 
and the presence of air bubbles themselves. 

The factors affecting bleeding rates and 
capacities of cement pastes containing air- 
entraining agents are the effect of the agent 
on degree of flocculation of cement grains 
and the presence of air bubbles. 

It is concluded that both the adsorption 
characteristics of the agent on cement and 
the air bubbles produced by the agent have 
important influences on the properties of 
fresh air-entrained concrete. 


General 


Testing of prestressing materials and 
concrete control on the Northern 
Illinois Toll Highway 

Josrnrnu J. Nt aes ASTM Bulletin, No. 234, Dee. 
1958, pp. 35-40 

Describes the testing and inspecting meth- 
ods used in construction of the Northern 
Illinois Toll Highway. The use of prestressed 
concrete girders and hollow concrete piles 
for over 200 bridges necessitated new testing 
procedures. 

Discusses the techniques developed or 
modified for testing fabric pads for bridge 
bearings, making tension tests of 7-wire pre- 
stressing strand, control of stressing oper- 
ations when both straight and deflected 
strands were used, and making compressive 
strength tests of zero slump concrete. 


Theory of concrete (in Rumanian) 
V. Nicoxav, 8. Apranovici, 8. Enescu, N. Mraam, 
G, Srancunescu, and R. Zvinen, V. 1, State ag | 
of Architecture and Construction, ios 316 pp., 
2 v3 Technical Edition, Bucharest, 1957, Ao p 
Reviewed by J. J. PotivKa 
One of the most thorough publications on 
concrete as a building material. Discusses 
its ingredients and their properties, cementing 
materials and admixtures, recent develop- 
ments, improvements, and applications, es- 
pecially with steel reinforcement. There are 
18 pages devoted to the history of cementing 
materials used by the Romans in the con- 
struction of aqueducts, bridges, and other 
massive work. Both volumes present in 
precise form practically all important knowl- 
edge, research, publications, etc., available 
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with 128 references. Theoretical methods 
of design are thoroughly compared with ex- 
perimental stress analysis, including photo- 
elastic tests. 

V. 2 contains chapters on special structural 
elements and members, advantages and dis- 
advantages of their design, assembly and 
execution, factors of safety, and possibilities 
of failures. Great part of the literature to 
which references are made, is of Rumanian, 
Russian, and Yugoslav origin, but does not 
overlook important work and publications 
in the other European countries and in the 
Americas. 


Quality control for large highway 
projects 
Epwarp A. Aspun-Nur, Proceedings, ASCE, V. 84, 
HW 2, May 1958, 1626-1-1626-10 

Large highway projects need quality con- 
trol of not only building materials but also of 
construction methods and operations. 

A proposed criteria for such a control re- 
quires standards of quality, specifications 


that permit attainment of such standards, 


and training and organizing a supervisory 
inspection force. 

With an intelligent application of a work- 
able control, the provisions of the plan can 
be converted into reality. The author con- 
tends that this can lower costs, improve 
quality, speed operations, and provide a high- 
way which will give the utmost uninterrupted 
use, 


Crushing and grinding 

Department of Scientific and Industrial Research 
(England), Her Majesty's Stationery Office, London, 
1958, 425 pp., 35s. 

A carefully selected list of 2800 literature 
references, abstracted or annotated, prepared 
under the auspices of the Department of 
Scientific and Industrial Research and the 
Institution of Chemical Engineers. An in- 
teresting and valuable feature is the collec- 
tion of short reviews on the current state of 
knowledge on the fundamental aspects of 
crushing and grinding, problems of breakage 
and structure of coal, methods of particle 
size analysis, grinding problems in various 
specialized industries, and fire and explosion 
hazards in crushing and grinding operations. 
Author and subject indices add to the useful- 
ness of the compilation. 
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Title No. 55-75 


Use of High-Strength Steel 
in Reinforced Concrete 


By GEORG WASTLUND 


In Europe the use of high-strength steel for reinforcing 
bars is increasing and is, to a degree, replacing rein- 
forcement made of mild steel. Both Austria and Swe- 
den have developed reinforcing steel with high yield 
points (50,000 psi or more), one employing cold work- 
ing and the other employing ‘“‘natural’’ elements, i.e., 
more carbon and better alloys. This steel increases 
working stresses and, generally, eliminates the need 
for end hooks. Failure precautions, crack formation, 
and deflection considerations limit the full use of 
this steel. 


ilies TERM “HIGH-STRENGTH STEEL,” as used in what follows, denotes rein- 
forcing bars having yield points in excess of 50,000 psi. Furthermore, high- 
strength steels must have a considerably higher bond resistance and/or a 
higher anchorage resistance than ordinary mild steel bars. 

High-strength steels came into use in the early 1940’s in Sweden and in 
Austria. The trend of development since that time has been toward pro- 
eressively higher steel qualities and higher permissible stresses. At the same 
time, the quantity of high-strength steels employed for concrete reinforce- 
ment has substantially increased in relation to that of mild steels. From 
the beginning, the development in Sweden and in Austria has proceeded on 
essentially different lines. The Swedish high-strength steel, Kam steel, is 
a “naturally hard” steel. That is, its high strength is due, first, to a com- 
paratively high carbon content, and second, to certain alloying elements. 
On the other hand, the high strength of the Austrian Tor steel is obtained 
by cold working. 7 

During the past few years, in addition to these two types of steel, several 
new variant grades of high-strength steels have been placed on the market. 


As a result, different types of reinforcing steels are now available in such 


ereat variety that it may seem to be too diversified for requirements of ra- 


tional manufacture and stock-keeping in some countries. © 
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Georg Wastlund is professor of bridge building and structural engi- 
neering, and director of the Swedish Cement and Concrete Research 
Institute, Royal Institute of Technology, Stockholm. Professor Wast- 
lund worked as a laboratory assistant in the Structural Strength 
Laboratory of the Royal Institute and as a structural engineer at 


Skanska Cementgjuteriet before assuming his present position at the 
Royal Institute in 1941. He has been a member of ACI since 1946 
and is presently a member of ACI Committee 339,. Allowable 
Stresses in Reinforcement. Professor Wastlund received his BS 
in 1928 and his doctor’s degree in 1934. 


Fig. 1 shows the Swedish Kam steel 40, which has transverse deformations 
as well as two longitudinal ribs. The cross-sectional area of the transverse 
deformations and the spacing of these deformations on bars of this type 
agree closely with American deformed bars, which have in part served as 
a model for the design of Kam 40. Thus, the spacing of the deformations 
is equal to about 0.80d (as against 0.70d in the United States), and the “‘specific 
cross-sectional area’’ of the deformations, i.e., the projected cross-sectional area 
of a deformation at right angles to the bar divided by the spacing of the 
deformations, is equal to 0.20d (i.e., about the same as in the United States). 
On the other hand, the yield point of Kam 40 is slightly higher. Thus, the 
requisite yield point ranges from 51,000 to 57,000 psi according to the di- 
ameter, while the American hard grade deformed bars have a yield point of 
at least 50,000 psi. The permissible tensile stresses stipulated in the Swedish 
standard specifications are substantially higher. They vary from 25,000 
to 31,000 psi, whereas the corresponding American figure is 20,000 psi. 

At the present time, two other standard types of Kam steel, viz., Kam 50 
and Kam 60, are also used in Sweden. Kam 60 (Fig. 1) has a smaller spac- 
ing of transverse deformations than Kam 40, about 0.50d, a specifie cross- 
sectional area of the deformations that is twice as great, ie., 0.40d, and a 
requisite yield point of 85,000 psi. 

The allowable stresses for Kam 50 and Kam 60 vary from 34,000 to 42,000 
psi. Subject to special permission, they may even be increased to 47,000 psi. 
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—  —Ss«&Fig. 1—Swedish Kam steel 40 (above), 
: with yield point from 51,000 to 57,000 
psi, and Kam steel 60, with yield point 
85,000 psi 
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Fig. 2—Various types of Tor 


steel 60 
4 On the other hand, the maximum diameter of Kam 60 is limited to 5 in., 
___and this is an important point. 
a The Austrian Tor steel is provided with helical ribs, as shown in Fig, 2: 


It is available in three grades, Tor 40, Tor 50, and Tor 60. Their proof stresses 
are roughly equal to the yield points of Kam 40, Kam 50, and Kam 60, re- 
spectively. Tor 40 is made of ordinary mild steel, which is rolled into round 
bars with longitudinal ribs. After rolling, the bars are subjected to torsion 
in a special cold-twisting process, from which the name “Tor,” an abbrevia- 
tion of torsion, is derived. This cold-working process increases the yield 
point as well as the ultimate strength, whereas it reduces the elongation. 

As Tor steel is cold worked, its stress-strain diagram does not exhibit 
any marked yield point, as is seen from Fig. 3. 

The effect of cold working on the strength properties of the steel is repre- 
sented in principle in Fig. 4. The increase in the ultimate strength is in- 
fluenced by the phenomenon of aging. This phenomenon is a slow change in 
the properties of steel during the first few months after cold working. 

In Sweden Kam steel has largely replaced plain reinforcing bars made of 
4 mild steel. This is primarily due to the price, which favors Kam steel in 
3 ‘that the additional expense is relatively smaller than the increase in the 
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Fig. 3—Stress-strain diagrams 
for ordinary steel, Tor steel 0 a 
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Fig. 4—Stress-strain relations as_ in- 
fluenced by cold working and aging 


ae Stee/ stress 


Elongation 


allowable stresses. In the second place, this trend has been furthered by the 
circumstance that end hooks can be eliminated. This offers two advantages, 
first, a working operation is eliminated, and second, a saving in materials is 
possible. 


FURTHER DEVELOPMENTS 


As has already been pointed out, many other types of high-strength rein- 
forcing steels have been introduced in recent years. It may be of interest to 
mention at least two of these types. Both of them are cold-worked. 


One of those comparatively recent types of reinforcing steels is Tentor 
steel, which is a Danish innovation (Fig. 5). It is characterized by oblique 
ribs along both halves of the bar. Its yield point is increased by simultaneous 
twisting and stretching. Tentor bars can therefore be made of lower grades 
of steel than required for Kam bars. On the other hand, the manufacturing 
process is more intricate. The yield point of Tentor bars is 71,000 psi. 


Another of these recent types of reinforcing steels which should be men- 
tioned is “Ss 70 A.” It is a plain round bar whose 0.2-limit has been in- 
creased by cold stretching to a value that is as high as 100,000 psi. It is 
furthermore characterized by special end anchors, which are wedged on the 
ends of the bars in the course of cold stretching (Fig. 6). This type of rein- 
forcing steel was developed by Forssell, at the Royal Institute of Technology, 
Stockholm. The bond between these bars and the concrete is not partic- 
ularly good, but the anchorage is extraordinarily reliable. 


This type of reinforcing steel has recently been standardized in Sweden. 
The permissible stresses are under certain conditions as high as 57,000 psi. 
These conditions will be mentioned later. ; 
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REQUIREMENTS FOR STRUCTURES 


All engineering requirements which a reinforced concrete structure has to 
fulfill may roughly be classified under the following three main headings: 

1. Adequate safety against failure 

2. Limited crack formation 

3. Limited deflection, i.e., sufficient rigidity 

The European Concrete Committee CEB has appointed several working 
groups to deal with special problems within this scope. 

The committee has made the following general statement, among others: 
simplified calculations of the load-carrying capacity of the structure shall be 


‘made irrespective of the check calculations relating to crack formation and 


to deflection. The latter check calculations shall refer to the stage of use, 
and shall be carried out separately. 
This general statement has been followed by Swedish authorities, and has 


been embodied in detailed specifications concerning the Ss 70 A reinforcing 


steel. 
Thus, it is quite likely that the high permissible steel stresses referred to 
above can be seldom utilized, because the requirements relating to limitation of 


~ erack formation may be wholly decisive in some cases, while the requirements 


regarding the limitation of deflections may be decisive in others. Accordingly, 
we have, so to speak, several ‘‘ceilings” involving quite different parameters 
which are applicable at the same time. Which of these ceilings will be the 


- deciding factor is a question that depends on circumstances. 


: Fig. 5—Danish Tentor bar, yield point 
a 71,000 psi : 


—— 


Requirements for adequate safety against failure 

A structure can fail in many ways. As a general rule, high-strength steel 
reinforcement, which renders possible higher permissible stresses, shall ensure 
adequate safety against failure in several respects. We can distinguish be- 


tween the cases enumerated in what follows. 


Failure in bending or in combined bending and compression—The extensive 
studies of ultimate load design which have been made in the United States 


and Europe have to a large extent elucidated the factors or parameters which 


determine the ultimate load in bending. Fairly reliable calculations of the 


- ultimate load in pure bending, in composite bending and compression, and 


in pure compression can be made for various grades of reinforcing steels 
and for several types of concrete differing in strength. However, this state- 
ment is made with the reservation that the reliability of these methods of 


design in the cases where the failure of the concrete in compression is de-_ 


cisive is substantially smaller than in the cases where the yield of the rein- 
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forcement is the deciding factor. Thus, the fact that the relation between 
the ultimate load and the reinforcement is fairly well known makes it possible 
to increase the permissible stresses approximately in proportion to the yield 
point. 

There is another reservation to be made. If the method used for calculating 
the moments within the structure is unreliable, and if this method gives 
values which may be on the unsafe side, then it is obvious that special caution 
is needed in determining the permissible stresses. For instance, this will for 
the time being probably be the case where use is made of the simple moment 
coefficients for flat slabs specified in the ACI Building Code. Therefore, 
when the ACI coefficients are used in Sweden, and when unfavorable cases of 
loadings can occur, care is taken that the permissible stresses do not exceed 
the values given in the ACI Code. 

Failure in shear—What has been said above, about the necessity of caution 
in the cases where the theory of calculation of ultimate loads is unreliable, 
can in particular be applied to failure in shear. In this case, the uncertainty 
is much greater than in the calculation of the ultimate load in bending. The 
uncertainty and the shortcomings of the classical methods of design are un- 
fortunately evident enough even in the cases where ordinary reinforcement is 
employed. This has perhaps been realized in the United States earlier than 
in other countries. Accordingly, extensive investigations have been initiated 
to study these problems. 

It may be said that the problem under consideration is still further ac- 
centuated when use is made of high-strength reinforcing steel of the Kam 
bar type. This circumstance has been emphasized, although from different 
points of view, by Hajnal-Kényi, Hillerborg, and Granholm. For instance, 
as has been demonstrated by Granholm, after the appearance of the first 
shear crack in a beam reinforced with ordinary plain round bars, which are 
provided with end hooks, but not equipped with stirrups, thie load can further 
be increased considerably, sometimes to twice the original value, before 
definite failure will take place. In other words, failure is forewarned. 

This is not always the case when a corresponding beam is reinforced with 
Kam steel bars without end hooks. Here, failure can occur immediately 
after the appearance of the first shear crack, suddenly, and without warning. 

After the appearance of a shear crack, such a beam no longer acts in con- 
formity with the classical theory of beams. This phenomenon can be ex- 
pressed according to Granholm, by stating that the beam is more or less 


Fig. 6—Swedish Ss 70 A, cold worked 
plain bars with special end anchors. 
Yield point 100,000 psi 


i 
; 
‘ 
; 
4 


be 


ee ee ee ee ee ee 


Se 


o HIGH-STRENGTH STEEL 1243 


Phe 


SUPA WEDEANOAT ONG 


wT 2 

ay Fig. 7—Three views of typical crack formation and rupture of a beam with Kam steel 
C : and no stirrups. (After Granholm, 1958) 

c converted into something similar to a bowstring girder. Or it can also be 
= said, according to Hillerborg, that the moment point for the determination 
A of the tensile force in the reinforcement is moved toward the center of the 
beam, with the result that the tensile force is increased. 

dl In the presence of end hooks, the increase in the tensile force can as a rule 
Ee be taken by these hooks. In the absence of end hooks, on the other hand, 
S the bond stresses increase, and might cause a sudden bond failure (Fig. 7). 
i Hajnal-Konyi has pointed out that it is “essential to provide stirrups in 
4 sufficient quantity so that the tensile stresses in the concrete can be taken 


up by them should the tensile strength of the concrete be suddenly exhausted.”’ 

Slip and failure in anchorage—The Kam steel bars in Sweden, just as the 
deformed bars in this country, are anchored by bond, and are not provided 
with hooks. The allowable bond stresses for Kam 60 and Kam 40 are equal, 
in spite of the fact that the specific cross-sectional area of the transverse 
ribs of the former is twice as great as that of the latter. This might seem 
surprising, but it is to be regarded as a precautionary measure. 

Longitudinal splitting due to irregularities on the surface of the reinforcing 
bars—The risk of longitudinal splitting due to the transverse ribs of the Kam 
bars can be counteracted in two ways, viz., by ensuring a sufficient concrete 
cover and by providing stirrups. 

Local splitting of the concrete at bends of the reinforcing bars—The risk of 
local splitting or local crushing due to high local stresses in the concrete 
at bends of reinforcing bars is to be regarded as serious. If failure is due to 
this cause, then it occurs without warning, and sends concrete fragments 
flying in the air like shot. 

Unfortunately, only a few tests have been made with a view to clarifying 
these phenomena, and the tests in question are now quite old. The author 
carried out some small tests of this kind about 20 years ago. Fig. 8 shows 
the type of failure, characterized by splitting. The results obtained from 
these tests are reproduced in Fig. 9. As is seen from these results, the ulti- 
-mate load increases as the radius of curvature of the bend increases, but is 
by no means proportional. 

At a radius of curvature equal to 6.2d, failure still was.due to splitting of 
At larger radii the steel yielded, but the steel was only mild 


CT Ne CE 


the concrete. 
steel. 
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Computed stee/ stress f, 


: 


Fig. 8—Splitting of concrete at a bar Fig. 9—Tests on splitting caused by bar 

bend in tension. This type failure is local bends in tension. Concrete cube strength 

and occurs without warning. (Wastlund, 3060 psi, i.e., cylinder strength = 2620 
1934) psi. (Wastlund, 1934) 


Other tests which the author has made on reinforcing loops demonstrated 
that the splitting strength did not increase in proportion to the strength of 
concrete either, but was approximately proportional to (f.’)”. 


Tests carried out at about the same time by Graf gave more or less similar 
results, although he found that the splitting strength increased at a still 
lower rate in relation to the strength of concrete. Graf used a higher grade of 
reinforcement, and was therefore able to increase the radii of curvature 


further than the author. For f-’ = 5300 psi and r = 10d, he observed splitting 
failure at a steel stress of 54,000 psi. 


In standard specifications and in design, the phenomena under considera- 
tion can be taken into account in two alternative ways. One way is to in- 
crease the radius of curvature as the stress in the reinforcement becomes 
greater. This has been stipulated, for instance, in the Austrian regulations. 
The other way is to keep a constant and relatively large radius of curvature, 
and then to vary the permissible steel stress in accordance with the strength 
of concrete. This has been done to a certain extent in the Swedish standard 
Specifications. Neither of these methods seems to be based on sufficient 
experimental evidence. Further tests are therefore highly desirable. 


It should be added, however, that it is considered advisable in Sweden, 
for the time being, to bend Kam 60 bars to a limited extent only. Besides, 
these bars are difficult to bend because of their high strength. 
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Requirements for limitation of crack formation 
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_ It has already been mentioned that designs should also be checked with 
respect to crack development. The question of limitation of crack formation 
is in itself a separate subject of wide scope. 

To begin with, emphasis should be given to the pioneer work on crack 
formation problems by Watstein and Parsons (1943). 


< 

ns It is obvious that the danger of development of large cracks in structures 
F reinforced with high-strength steels, which render possible high permissible 
_ _ stresses, is greater than it is in structures which are subjected to low stresses. 

- However, extensive investigations have shown that the parameters which 
_ determine the crack widths also contain essential quantities other than the 
4 steel stress. Consequently, it is possible to exert an advantageous influence 
£. on crack formation within relatively wide limits, and hence to compensate 
a the unfavorable effect of high steel stresses. 

3 The crack problem is most commonly studied in two stages, 

fe. 1. Determination of empirical rules for estimating crack spacing 

ag 2. Determination of the relationship between crack spacing and crack width 

4 Several crack formulas have been derived. However, the value of crack 
oe formulas is limited. There are so many factors involved in this problem 


as 
n' 


that it is quite impossible to consider them all in practice. Thus, for in- 
e. stance, weather conditions and restrained or free shrinkage are of consid- 
erable importance in practice, and their effects are partly uncontrollable. 
Furthermore, the problem in itself is of statistical character, that is to say, 
the occurrence of cracks is to a large extent accidental. 

The main purpose of a crack formula 1s to serve as a guide in ensuring that 
the structure shall be sound with respect to crack formation. Several existing 
- erack formulas fulfill this purpose satisfactorily. 
~ Most formulas for estimating crack spacing are of the following type: 


fr Ac 
Gn = C1 ee 3 


where 
Gm = mean crack spacing 
f; = concrete tensile strength 


Um = bond strength 
A, = cross-sectional area of the tensile zone of the beam or a revised cross-sectional area — 


of this zone 
dio = sum of the bar perimeters 
C; and C, = coefficients 


Then the mean crack width Wm is found from a formula which, in its.simplest 
form, can be written 
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where 
f, = steel tensile stress in cracked section 
E, steel modulus of elasticity 


It is immediately seen that a high steel stress f, can be compensated by a 
small value of crack spacing dm. 


This can be achieved in several ways, 


By using bars having a high bond strength vu» 
By using bars of small diameter, which results in a high value of do 
3. By keeping the cross-sectional area of the tensile zone of the beam as small as 
possible with due regard to other requirements, such as the necessary concrete cover 
4. By ensuring a uniform distribution of the bars over the tensile zone of the beam. 
This is particularly important in the flange of a T-beam, which is subjected to a nega- 
tive moment 


its 
2. 


The possibilities of influencing the crack formation in these ways are great, 
but here will be confined to one example only. Compare Fig. 10 and 11 
showing two T-beams having the same amount of reinforcement but diff- 
erent bar diameter and different arrangement of reinforcement. 


The same conclusions as above can be drawn from a formula that is quite 
different from those which have just been shown. This formula was deduced 
by Jonsson, Osterman, and the author (1945), and has been used in Sweden 
since 1947. ; 


Fig. 10—Crack formation in a T-beam, subjected to negative moment, reinforced with 

few, rather thick, plain round bars, standard steel St 52, concentrated to the middle of 

the flange. A few large cracks, crack widths up to 0.046 in. at tensile"steel stress only 
22,700 psi. (Wastlund and Jonsson, 1948) ; 


14- #4 bars 


Fig. 11—Crack formation in a T-beam, subjected to negative moment, reinforced 

with many small plain round bars, standard steel St 52, well distributed over the flange. 

Many small cracks, crack widths up to only 0,0046 in. at the“same tensile steel stress 
as the beam shown in Fig. 10. (Wastlund and Jonsson, 1948) 
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For the case of pure bending this formula is as follows. 


eed, Vee 
Wnaxr = kD — 
3 (i e1 z.| 


Wmaz = calculated maximal crack width, in. 

0.23 for plain bars 

0.16 for deformed bars (Kam steel 40) 

diameter of bar, in. 

depth from compression face of beam to centroid of longitudinal tensile rein- 
forcement, in. 

cross-sectional area of reinforcement, sq. in. 

working steel stress, psi 

modulus of elasticity of steel, psi : 
moment of inertia of the full concrete section about the neutral axis, in.; 
distance from neutral axis to extreme fiber on tension face, in.* 
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In fact, the calculation of crack widths according to this formula has been 
compulsory in Sweden for all highway bridges since 1947. The maximum 
allowable crack width calculated from the crack formula corresponds to 
values of about 0.012 in. for the dead load alone, and about 0.016 in. for the 
sum of the dead load and half the live load. 

In 1958, new tentative standard specifications for the use of Ss 70 A steel 
were published in Sweden, as already mentioned. In view of the high per- 
missible tensile stresses, these specifications also include definite restrictions 
relating to calculated: crack widths. Thus, the calculation of crack widths 
is compulsory for all uses of this particular type of bar, i.e., not only for high- 
way bridges, but also for other structures. For other structures, however, 
under those conditions which are not liable to give rise to corrosion, the cal- 
culated crack widths are allowed to be somewhat larger. : 

As said before, the check of designs with respect to cracking will often 
lead to the result that the maximum allowable stress cannot be used at all. 
This: means that the restriction of crack widths is frequently more severe 
than the upper limit for the permissible tensile stress. 


EE ST NO 


Requirements for limitation of deflection 

When use is made of high-strength reinforcing steels, which involve high 
stresses, the deflections are also often regarded as a decisive factor. This 
implies that the maximum permissible tensile stresses cannot be utilized. 
This circumstance deserves close attention. 

It cannot be said, however, that any generally applicable method accepted. 
in standard specifications has been evolved for taking into account the crack 
formation, the shrinkage of concrete, and the plastic deformation of concrete 
under the action of sustained loads. 

Certain scattered test results are available in this connection. They are of 
creat interest, but they also show that the problem under consideration is 
not so. simple as it might have appeared at the outset. - 
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Furthermore, it is to be noted that the requirements for limitation of de- 
flections must be varied from one case to another. In house construction, 
for instance, the concrete floor slabs which have to carry masonry partitions 
must comply with severe requirements in this respect, because deflection of 
a floor slab causes the development of ugly cracks in the partitions. For this 
special case, however, the new Swedish standard specifications contain pro- 
visions concerning the calculation and the limitation of deflections. 


BENDING PROPERTIES OF REINFORCING BARS 


Ductility can be measured either in terms of the ultimate elongation, 
which is conventionally determined in a length of 10d, including the fracture 
section, or in terms of the uniform elongation which is defined as the elonga- 
tion attained just before contraction sets in, i.e., when the stress in the bar 
has just reached its maximum value. Both these elongation values seem 
to be useful, but the former is mainly employed for naturally hard steels, 
whereas the latter often is used for cold-worked steels. 

In addition to the elongation test, it also appears necessary to make a bend 
test, which is indeed usually the practice. 

ASTM specifications prescribe that hard grade deformed bars “shall stand 
being bent, at room temperatures, around a pin without cracking on the out- 


side of the bent portion,” the diameter of the pin being equal to six times the. 


diameter of the bar, and the angle of bending being 90 deg. The correspond- 
ing Swedish standard specifications are slightly more severe, the respective 
values being 5d and 180 deg (Fig. 12). 

The German standard specifications are much more rigorous in this re- 
spect. They require first a usual bend test, 180 deg, around a pin 2d to 4d 
in diameter, then a new bend test, 45 deg, around a pin 4d to 8d in diameter, 


American Swedlsch 
Bending Test Bending Test 
d 


Beflween bending and 
rebending a heat treatment Fig. 12—Comparison be- 


German Bending and Rebending Tests. led DS ata coi’ Pale. 
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and after that rebending 2214 deg (Fig. 12). In fact, these requirements 


seem suitable for indicating the possibility of brittle fracture. 

However, requirements which are as severe as that cannot be fulfilled 
without entailing additional expenses. They must raise the price of steel. 

On the other hand, it should be fully realized, that the Swedish regulations, 
and hence also the American requirements in this respect, are in many cases 
far from being satisfactory. In practice it is often necessary to bend a bar 
sharply and then also to rebend it. For instance, this is the case when use 
is made of sliding forms and connection bars for a slab must temporarily 
be bent sideways. 

The solution to be adopted in such cases seems to be to prohibit the use of 
standard high-strength steels for the purpose in question, and to employ 
special steels having particularly good bending and rebending properties. 

It should also be noted that high-strength steels are usually sensitive to 
low temperatures, and tend to become brittle at these temperatures. Thus, 
rough handling alone may be sufficient to cause fracture of these steels at 
low temperatures. 

Another risk of insufficient ductility is that microcracks may occur in the 
bars on account of deformations due to bending. These cracks can appear 
on the inside of the bent portion, quite contrary to the above-cited ASTM 
specifications. It is true that no accidents due to such cracks have been 
reported as yet, but further investigations on this point seem desirable. 

Asa matter of fact, Kam 60 bars are not easy to bend, or to bend correctly. 
Therefore, these bars are most often used without bends. 


CLOSING REMARKS 


American practice has proved the possibility of using deformed bars, and 
has demonstrated their advantages, Le., dispensing with end hooks, ensuring 
better bond, and reducing the size of cracks. 

European practice has benefited by American practice in this field, and 
has advanced a little farther by using steels of higher strength, which enable 
higher permissible stresses, and thus result in more economical designs. 
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Title No. 55-76 


OVER 400 REINFORCED MORTAR PRISMS mixed with water from the Mediterranean 


Sea were tested for corrosion of reinforcement at ages ranging from 3 months to 4 years. 


“Variables studied were water-cement ratio, cement content, and storage conditions. 


The pH necessary for inhibition of corrosion by hydroxyl ions under different storage 
conditions was determined, and pH values of mortars and cement pastes made with sea 
water and fresh water were measured. 


The reinforcement was corroded in all specimens stored in moist air, but for mortar prisms 
stored in sea water or tap water practically no corrosion of reinforcement was observed. 
No regular relationship between consistency or cement content on the one hand and 
amounts of rust on the other was found. Corrosion did not halt but, with one exception, 
was still increasing as the study ended. Conclusion is drawn that sea water used for 
mixing mortar or concrete for air-exposed reinforced structures tends to make reinforce- 
ment highly vulnerable to corrosion. 


Influence of sea water on 
corrosion of reinforcement 


R. SHALON and M. RAPHAEL 


SEA WATER IS SOMETIMES USED as mixing water for concrete, and it 
often penetrates concrete either through direct contact or in the form of spray. 
Opinions differ on the question of sea water as a cause of corrosion of rein- 
forcement. Most data available on the effect of sea water bear on its effect on 
strength. In fact, the influence of sea water on the rate of corrosion of rein- 
forcement has not been studied systematically, and available data are limited, 
far from clear, and sometimes contradictory. 

As a result of this lack of clarity certain specifications and codes permit 
the use of sea water for mixing concrete, while others either restrict or pro- 
hibit its use, or make no reference to its effect. The German specifications’ 
permit the use of all kinds of water occurring in nature for reinforced struc- 
tures, except where alumina cement is used. Railway specifications in Ger- 
many? (AMB) rule out the use of water containing more than 3 percent sodium 

so that the use of Baltic Sea water (total salt content 
r (a total salt content of 3.3 percent, but 
sodium or magnesium chloride contents below 3 percent) is still permissible. 
The ACI Building Code? makes no specific reference to inorganic salts, 
or to sea water, except for prescribing the use of water free of injurious amounts 


of deleterious materials. On the other hand, sea water is ruled out for pre- 
y® does not object to the use of sea water in making 


or magnesium chloride, 
0.7 percent) and North Sea wate 


stressed concrete.* Gilke 
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concrete for reinforced structures, provided a reduction in strength is allowed 
for. The Portland Cement Association® also permits its use for either plain 
or reinforced work. The British code’ permits the use of sea water, except 
when efflorescence is undesirable. The Russian code® prohibits the use of 
sea water in reinforced maritime structures in hot, dry regions in view of the 
danger of corrosion and efflorescence; the implication is that its use is not 
objected to in regions other than coastal, hot or dry. 


pH NECESSARY TO INHIBIT CORROSION OF REINFORCEMENT 


It is well known that the protection against corrosion afforded the steel 
by the mortar (or concrete) covering it, is due to its alkalinity, and in the 
presence of salts the alkalinity required for inhibition of corrosion is greater 
than in their absence. Since no adequate data on the pH values required 
under various conditions could be found in the literature, a study of these 
problems was included in the investigation. 


Method of test 


Former tests indicated that reinforcing steel behaves in concrete, with 
regard to corrosion, similar to steel in alkaline solutions. Hence, it was 
assumed that a study of submerged corrosion of steel in alkaline solutions 
may contribute considerably to understanding the behavior of steel in mortar 
and concrete. Composition and alkalinity range of the several solutions — 
tested are given in Table 1. The pH values of the various alkaline media, . 
as well as pH values of cement pastes and mortars under various conditions, | 
were measured, the first by a Pye pH-meter with a lithium-glass electrode, 
the latter by a Beckman pH-meter with a blue glass electrode. 

Reinforcing bars were pickled, washed, dried, and weighed,® and then put 
into glass containers filled with the solutions. Some of the glass containers 
were hermetically closed, others closed with a screw lid so that some air 
penetrated (assumed to resemble conditions in dense concrete), while still 
others were given intensive aeration by air free of carbon dioxide. The rust 
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TABLE 1—CHARACTERISTICS OF SOLU- TABLE 2—QUANTITY OF RUST OF STEEL 
TIONS USED IN SUBMERGED CORRO- IMMERSED IN Ca(OH), SOLUTIONS OF 


SION TESTS VARYING pH 
ie uantity of rust, t of b 
Composition Range of pH : a Treie Spite ae 
values at 25 C pH vais Age at test, 3 months 
to) 
solution Limited access of 

A Ca(OH): 10-12.65 air Aerated 
£ Ca(OH)2 + NaCl 10-12.60 10.0 0.74 2.46 
: 10.5 0.81 2.20 
Extract of concrete made with sea water 10-12.50 11.0 0.30 2.00 
# and extracted with sea water 1155 0.10 1.80 
; ; 12.0 0.02 0.02 
Cement extract (with sea water) 12.80 12.65 0.02 0.01 


development, its distribution, and character were observed during a period 
of up to 3 months. The specimens were then taken out of the solutions, 
2 cleansed as above, and reweighed. 


Corrosion in Ca(OH), solutions 


To ascertain the value of the pH necessary for the inhibition of corrosion 
of steel by hydroxyl ions deriving from Ca(OH). (present, as well known, 
in mortar and concrete) steel bars were immersed in Ca(OH). solutions of 
various concentrations. Half of the specimens were put into full containers 
closed with screw lids (limited access of air), the other half into partly filled 
containers, into which CO2-free air was bubbled in daily (herein after marked 
“serated’”’). The resulting corrosion is reported in Table 2. 


. Aloe Ay 


The data show that practically complete inhibition against corrosion was 
provided by calcium hydroxide solutions of pH 2 12.0. The small amount 
of rust found at pH = 12 (less than 0.02 percent) was almost invisible ‘“gen- 
eral” corrosion. The influence of aeration was considerable up to the pH 

value of 12.0 and disappeared entirely at that value. For very limited aera- 
tion (assumed similar to that in very dense concrete) pH = 11.5 may be 
considered sufficient to inhibit corrosion of steel. 


Effect of salts on saturated Ca(OH), solutions 

The effect of NaCl and of sea salts on the pH value of a saturated Ca(OH): 
solution has been measured. Because solid Ca(OH):—in excess of that in 
solution—is present in mortars and concretes, a solution with an excess of 
solid Ca(OH). was used in the tests. Precautions were taken to prevent 
carbonation. The results presented in Fig. 1 show that sodium chloride 
and particularly sea salts reduce the pH of Ca(OH), solutions. 


POO eT ee ee ee eee ee 
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Corrosion in extract of concrete and Ca(OH), plus salt solutions 


In the presence of salts a higher pH value is required’? for inhibition, but 
no sufficient quantitative data could be found. To determine the required — 
pH, a series of experiments was carried out, the variables being the pH values 
of extracts of concretes made with sea water and extracted with sea water, 


<— 
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and of calcium hydroxide solutions 
containing 3.6 percent sodium chlo- 
ride. Results of these tests appear 
in Table 3. 

On the basis of data in Tables 2 
and 3, it is suggested that the pH 
values necessary for corrosion in- 
hibition are as given in Table 4. 


125) 


PH values 
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Character of the rust 


As could be expected, the character 
of rust changed with the pH values 
and the composition of the solutions. 
In sea water extract of concrete, the 
rust changed with the pH value from 
Fig. 1—Effect of salt concentration on pH_ large flakes covering whole bars (at 

values pH = 10), through fine ones covering 

parts of bars, to localized rust at pH 

of about 12.0. Here the rust formed tubercles of a dark, almost black color, 

particularly at the ends of the bars. After the removal of the corrosion 
products deep pits became visible. ; 


MS 


(2) 30 


10 20 
percett of salt 


The localized corrosion reported here is consistent with the known action 
of anodic inhibitors, when present in an amount nearly sufficient to stop 
attack altogether. 


At a still higher pH (12.75), which was obtained by extracting fresh cement 
with sea water, the bars remained practically free of corrosion, except for a 
thin greenish film. In calcium hydroxide solutions containing 3.6 percent 
sodium chloride the phenomena were similar, but the amount of rust larger, 
and the maximum pH value obtainable was still insufficient for complete 
inhibition under intensive aeration. 


TABLE 3—RUSTING OF STEEL IN SOLUTIONS OF VARYING pH IN PRESENCE 
OF SALTS. TEST AGE, 3 MONTHS 


esha cs Rust, percent of bar weight, for exposure indicated 
, 0 meetin decimate 
Ca(OH)s + 3.6 percent NaCl 


solution Extract of concrete* 


‘Limited air access | Aerated =| L 
0.68 
0.50 
0,56 


0.65 
0.40 
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TABLE 4—pH VALUES FOR INHIBITION OF CORROSION 


Solution | Ca(OH): Concrete extract Ca(OH)2 + 3.6 percent 
in sea water NaCl 


Aeraticn Limited Intensive Limited Intensive Limited Intensive 
pH inhibition level =n abe 12.0 12.6 12275 12.6 More than obtain- 
able 


On the other hand, in salt-free solutions, other conditions being equal, 
while the character of rust was not unsimilar, the pH values corresponding 
to the beginning of localization and to inhibition level were lower. 

These values, both in salt-free and in salt-containing solutions, depend on 
aeration; the stronger the aeration, the higher the respective pH values, until 
a certain level is reached at which aeration has practically no effect. It is 
suggested that this level be called “complete inhibition level.” 


Influence of salt concentration on corrosion 

One series of tests was devoted to the effect of salt concentration on cor- 
rosion. Sodium chloride in various amounts was added to Ca(OH): solutions, 
in which steel bars were then submerged for | to 3 months and the quantity 


of rust determined. The results are given in Table 5. 


The data in Table 5 show that with limited air penetration the increase of 
concentration of NaCl in calcium hydroxide solutions has a limited effect 
up to a certain maximum, above which a higher concentration restrains 
corrosion (for schematic presentation see Fig. 2). Akimov! mentions a 
similar trend of salt effect in neutral solutions. The explanation is that as 
the salt amount in the solution becomes greater the increase of the conductivity 
of the solution ceases, while the solubility of the oxygen keeps diminishing 
until at a certain concentration the shortage of oxygen has a predominant 


. effect. 


The influence of concentrations of 0.1 to 5 percent of NaCl in Ca(OH): 
solutions of an initial pH of 12.6 was tested also in hermetically closed con- 
tainers. In this interval the effect increases steadily. 


TABLE 5—SODIUM CHLORIDE EFFECT ON RUST DEVELOPMENT IN Ca(OH): 
SOLUTIONS OF VARYING pH 


3.6 Ee 5.0 5.5 Tol 10.0 | 30.0 


NaCl, percent | 0 OnLy 1.0 20) 


Limited air penetration 


Rust at 1 month, percent of bar ; 
Guitial pH = 113) 0.31 — 0.56 | 0.54 | 0.58 = 0.12 | 0.09 
Rust at 3 months, percent of bar 

(initial pH = 12.6) 0 — = — 0.04 | 0.18 — 0.07 | 0.05 es _ 


Rust at 1 month, percent of bar 
(initial pH = 12.5 


pos — | =e 
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Fig. 2—Schematic presenta- 
tion of the effect of salt con- 
centration and pH in Ca(OH), 
solution on rust development 


rus? 


concentration of salt 


pH VALUES OF PASTES AND MORTARS 


The pH values of fresh cement pastes, as well as of fresh and hardened 
mortars of various consistencies and cement contents were measured. The 
results are given in Table 6. Fresh cement pastes mixed with tap water 
showed an average pH of 13.2, while that mixed with sea water showed pH 
= 13.0. 


The pH values of fresh cement mortars were affected by the quality of the © 


mixing water and by consistency. No clear-cut effect of cement content 
was found, but it could be established that the effect is very small, if any. 


The pH values of mortars stored in closed vessels for 28 days, ground, and 
measured at that age were also affected by the quality of mixing water. The 
effect of the initial consistency disappeared. Practically no effect of cement 
content for 1:10 to 1:1 mixes was found. Mortars made with tap water had 
an average pH of 12.8, and for those made with sea water pH S 11.8. 


Mortar specimens made with sea water and stored 28 days in sea water 
showed a pH value of 12.95. 


TABLE 6—pH OF PASTES AND MORTARS 


Cement-aggregate ratio Mixing 
water 


Consistency | Age at test Average pH 


1:0 (paste) Tap Semidry to very wet* 13.2 
Sea Semidry to very wet* 13.0 

Ranging from 1:10 to 1:1f Tap 12.5 
a 

Sea 12.0 

123% 

Very wet 12.2 

Ranging from 1:10 to 1:1f Tap Semidry to very wet. Closed storage, 28 da: 12.8 
: Sea Semidry to very ye Closed storage, 28 oar 311.8 


28 days (stored in sea 
water) 


*No special effect of consistency reported. 


Tene ot no effect of cement content was found. 
ffect of initial consistency disappeared. 
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TABLE 7—PROPERTIES OF REINFORCE- TABLE 8—COMPOSITION 
MENT OF THE MIXING WATER 
Chemical Compound {Grams per liter 

components | Percent Mechanical properties KCl 0.863 
Cc 0.10 | Yield point—44,600 psi hee pse6s 
P 0.05 | Tensile strength—58,200 psi Mech, at 
Ss 0.07 Percent elongation—20 MgsOx 1.660 
Mn 0.40 care reduction in area— ey A eee 
Cu 0.04 Total 35.732 


STUDY OF REINFORCED MORTAR PRISMS 


The present study of the formation and development of rust in mortars 
containing salts is the sequel to an investigation by one of the authors of 
reinforcement corrosion in salt-free mortar and concrete, published in an 
earlier JOURNAL.’ Variables studied were cement content, water-cement 
ratio, and consistency. It early became evident that interpretation of the 
results would be most difficult unless more fundamental data on inhibition of 
corrosion by mortar and concrete were available. Hence the foregoing tests 
of corrosion inhibition level and pH of paste and mortar were undertaken. 


Specimens and test procedure 

The more than 400 mortar specimens tested from 1953 to 1957 were prisms 
4x 4x16 cm, reinforced with 6 mm mild steel bars whose properties are 
given in Table 7. Depth of cover was about 1.7 cm. All specimens were 
mixed with Mediterranean Sea water (properties in Table 8). Chemical 
and mechanical properties of the cement used are listed in Table 9. Aggregate 
for the mortar (Table 10) was composed of 65 percent (by weight) coarse 


TABLE 9—PROPERTIES OF CEMENT 


Chemical Percent Mechanical properties (ASTM C 150-53) 
components 

SiOe2 20.0 ; : 

AlsO3 6.5 Specific area (Blaine) 3450 sq cm per g 

Fe203 3.2 Tensile strength 3 days 375 psi 

CaO 63.3 7 days 425 psi 

MgO jleey/ Compressive strength 3 days 2600 psi 

SOs 2,0 7 days 3500 psi 

Loss on ignition 2.2 : ; : & 

Nonsoluble 0.7 Initial setting time 130 min 

Alkalies 0.4 Soundness test 0.34 percent 

100.0 
TABLE 10—PROPERTIES OF AGGREGATES 
Chemical composition, percent Mechanical analysis 
Cc nd : Percent retained 
ate Coarse sand Fine sand Sieve size (British) - 
Coarse sand Fine sand 
CO 81.0 14.0 No. 7 0 
SieCOs 8.0 Traces No. 14 DD 
Fe:0 fens) : 0. . 
Auer mu ele Traces Traces No. 100 100.0 83.2 
Fineness modulus 2°70 0.86 
Unit weight, - = 

- kg per cu m = 1500 1400 


1258 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


June 1959 


TABLE 11—CHARACTERISTICS AND STORAGE CONDITIONS FOR MORTAR PRISMS 


Cement- Wet . iat 
te Jater-cement e a 
tio by: baie be waixut Consistency Reinforcement Storing test, months 
weight a 
1:2 0.5, 0.65, 0.8 | Semiplastie Pickled* Moisture 3, 6, 12 
to sloppy room 24, 48 
1:4 0.5, 0.65, 0.8 Semidry Pickled Moisture 3, 6, 12 
0.95, Lt to sloppy Unpickled room 24, 48 
rusty 
1:6 0.5, 0.65, 0.8 Semidry Pickled Moisture 3, 6, 12 
| 0.95, 1.1 to plastic room 24, 48 
| Sea water 
Tap water 
1:8 | 0.65, 0.8 Semidry to Pickled Moisture 3, 6, 12 
0.95, 1.1 semiplastic room 24, 48 
Sea water 6 
Tap water 6 
1:10 0.65, 0.8 Very dry to Pickled Moisture 3, 6, 12 
| 0.95, 1.1 semiplastic room 24, 48 


*Pickling process as described in Reference 9. 


sand and 35 percent fine sand, with an over-all fineness modulus of 2.06. 
Characteristics of the test specimens and conditions of storage are given in 
Table 11. 

The steel bars were pickled, washed, dried, and weighed (as described in 
detail in Reference 9) before being inserted in the mortar specimens. Control ° 
specimens with unpickled bars, some of them particularly rusty, were also 
tested. The mortar specimens were broken at ages from 3 to 48 months. 
The bars were observed, cleansed as above, and reweighed—weight loss in- 
dicating the amount of rust. Depth of pits and area of pitting were also 
measured. 


General observation of specimens after storage in moist room 


The specimens were damp to the touch compared with similar specimens 
made with tap water (due to the presence of the hygroscopic salts). 

The reinforcement was corroded in all specimens stored in the moist room, 
much more so than in salt-free mortar under similar conditions. The diff- 
erence was particularly pronounced in rich mortars. In Fig. 3 some samples 
of the corroded bars are shown. 

Most of the rust was dark, almost black (magnetite?), damp and semi- — 
solid, in contrast with the reddish brown color (ferric oxide) characteristic 
of reinforcement embedded in mortar free from salts. 

To clearly demonstrate the effect of sea water versus tap water, turned 
steel bars were coated with 1 mm thick cement pastes made with sea and tap 
water respectively, both with the same W/C ratio (0.63). The rust products, 
which penetrated through the coat, are shown in Fig. 4. a 

After removal of the bars from the mortar specimens, the rust remaining 
in the grooves was found to be mainly brown and partly black, and it may 
be assumed that the brown rust was formed from the black one in a secondary 
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Fig. 3—Samples of corroded bars after removal from mortar test specimens. Numbers 
indicate cement aggregate ratio of mortar 


reaction. Migration of the rust was observed within the prism, sometimes 
reaching the surface. After removal of the rust from the bars, extensive 
pitting was found, particularly so under the black rust. 

The distribution of rust on the bars was uneven, especially in rich mixes. 
Aecumulation of corrosion products was observed at the edges of the bars. 
Parallel tests with unpickled bars showed that the character, the uneven 


distribution, and the color of the rust, as well as the degree of pitting, were 


similar. The same was observed in another case of unpickled steel, already 


considerably corroded before use. 
The average amount of rust in 1:2 mortar was small. Few, but deep, pits 
d and the rust, concentrated at the edges, led to cracking and 


were forme 
Similar cracks appeared also in 1:4 mortar, 


spalling of the prisms (Fig. 5). 


Fig. 4—-Rust on turned bars 
coated with cement paste 
(W/C = 0.63) made with 
sea water (above) and tap 
water (below) after 1 month in 
moisture room. . Dark spots 
show rust products 


Fig. ig plahanng off and cracks caused by 
corrosion of reinforcement in 1:2 mortar 


in the case of pitting. 


may be high. 
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to a smaller degree in 1:6, and did not 
appear at all in 1:8 and 1:10 mixes. 
Pitting was deep in 1:4 and 1:6, 
shallow in 1:8, and especially so in 
1:10 mortar. 


Evaluating the degree of corrosion 


Establishing a quantitative crite- 
rion for rusting in the presence of 
salts is a complicated problem. First, 
as stated by Evans!® and others, and 
confirmed in the present study, pit- 
ting varies in depth, area, ete. from 
specimen to specimen, even under 
theoretically identical conditions of 
formation, and there is practically no 
reproducibility of results to be ex- 
pected. Secondly, the amount of 
rust, satisfactory criterion in the case 
of general corrosion, is not adequate 


Deep pits often appear in largely rust-free bars. 
Thus in spite of the low average rust content, the local reduction in area’ 


Despite these limitations of the weight-loss method in the case of pitting, 
it was considered worthwhile to include the data on weight loss, as indicative 
of certain typical phenomena (see Table 12). 
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Fig. 6—Relation between ce- 
ment content of salt-contain- 
ing mortar and rate of rusting 
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To obtain fuller data, depth of pits and area of pitting* were also measured. 
Ratings from 0 to 4 were assigned to the corroded bars: 0 for a bar free of 
pitting, and 4 for a bar pitted over its entire surface. The results at 48 months 
are given in Table 13. 


Test results 
The following phenomena regarding specimens stored permanently in the 
4 moisture room were particularly conspicuous: es 
A 1. Corrosion in salt-containing mortars intensifies with time both in 
area and in depth, irrespective of cement contents, water-cement ratios, and 
consistencies tested, except for the 1:2 mix with an almost sloppy consistency 
(W/C = 0.80) where it seems to come to a standstill after 2 years (Table 12). 


Yr Aa aa « 4 


TABLE 12—AMOUNT OF RUST, PERCENT OF BAR WEIGHT, OF BARS EMBEDDED 
IN MORTAR MIXED WITH SEA WATER, STORED IN MOIST ROOM 
> Amount of rust, percent of bar weight, for 
5a given cement-aggregate ratio of mortar 
zZ W/Cof mortar| Age, months 
Y 1:10 1:8 1:6 1:4 1-2 
Te ieee 3 1.6 1.0 0.9 0.3 = 
< 6 Beal ns 2.6 1.5 = 
4 12 7.0 9.0 B03 2.4 = 
— 24 9.7 6.7 13 .0* 3.1 = 
g 48 12.4 16.2 19.1 14.0 = 
= 0.95 3 ilar 1.9 1,7 0.9 = 
a 6 2.6 5.6 5.2 1.6 = 
= 12 Bh, 8.2 8.1 3.9 zs 
ze 24 Wes 11.6 14.4 pet = 
4 48 9.4 13.7 17.4 5.9 — 
0.80 3 2.5 15 1.8 i 0.6 
4 6 5.0 1.9 4.2 1.8 0.9 
- 12 6.3 2.9 10.4 2.0 0.6 
24 8.9 Hae 12.3 3.6 1.4 
48 10.9 13.0 15.9 14.9 PA 
6 3 0.9 Peal 2.5 4.5 0.1 
ease 6 22 5.3 372 4.6 0.6 
12 Der 5.8 5.5 6.9 0.6 
24 7.9 10.0 9.5 Tz, 1.0 
48 10.2 13.0 iy 14.5 3.9* 
3 = = Bez, 3.9 2:2 
z se 6 = = 4.2 4.9 1.8 
12 a — 5.9 6.7 4.3 
94 a — 9.3 9.7* 5.7 
48 — — 12.3 9.68 7.8 


*One prism cracked by rust. 
Two prisms cracked by rust. 
prisms cracked by rust. 
Average of scattered values of 11.6, 11.1, and 6.06 percent. 


TABLE 13—PITTING OF BARS EMBEDDED IN MORTAR MADE WITH SEA WATER, 
STORED IN MOIST ROOM FOR 48 MONTHS 


ih eee a a i hl a A al 


Pitting rating for bars in mortar of given cement-aggregate ratio 
W/C of mortar 1:2 1:4 1:6 1:8 1:10 
a See 
0.50 1.2 2.8 2.3 — — 
0.65 0.3 2.4 2.6 2.8 2.0 
0.80 0.4 2.6 1.9 2.5 2.4 
0.95 == 0.9 2.3 2.3 1.6 
1.10 =— 1.9 1.9 1.8 2.2 
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Fig. 7—Time-rust relation in 
oh mortar 1:4 mixed with tap and 
sea water, respectively 


rcent of rust 


5.0-- 


3 6 


12 24 36 
time, months 


Reinforcement in salt-free similar mortars behaves in a markedly different 
way (Fig. 7). A few comparative data are given in Table 14. 
In a parallel test made with unprotected exposed steel, stored in the same 
moisture room, the rate of corrosion tended to decrease asymptotically with 
time and the total amount of rust was small (Fig. 8). 


2. The amount of rust and the area and depth of pitting were not gov- - 


erned by the water-cement ratio, as can be seen from Tables 12 and 13. This 
is also shown in Fig. 9 where the bar coated with 1 mm thick cement paste 
mixed with sea water is almost wholly covered with rust when W/C = 0.27, 
while with W/C = 0.63 there are only rust stains to be seen. Parallel speci- 
_ mens in salt-free cement paste are shown in Fig. 10. Here the effect of the 
cement coat was similar in the sense that the wetter paste afforded better 
_ protection, but both bars corroded, of course, much less. 

38. ~-No regular relationship was observed between consistency and amount 
_ of rust, in contrast to salt-free mortar.’ Fluid mortars, however, showed 
_ advantage over drier mixes, other conditions being equal. 

4, Statistical analysis* of data in Table 13 shows that the pitted area 


og, Sire 

on *The pooled variance within samples was s? = 0.098 with 34 degrees of freedom, The lowest significant diff- 
d erence between any two sample means was therefore 0,433, for P= 0.95 level of Significance. Sample means were 
Separated into homogeneous groups by the method of D. B. Duncan (1955). 
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TABLE 14—RUST IN SALT-CONTAINING AND SALT-FREE MORTARS, STORED IN 
MOIST ROOM 

, ; | Rust, percent of bar weight, in 

; Cement-aggregate Consistency Age at test, | mortar made with 

‘ ratio months 

> Tap water Sea water 

o. 1:4 Plastic 3 0.04 0.70 

4 1:4 Plastic, 6 0737 1.36 

= 1:4 Sloppy 24 0.27 3.10 

4 1:4 Sloppy 48 0.63 14.00 


depended on consistency (as measured by increasing W/C ratio) for a mix of 
given cement-aggregate ratio. In all mixes reinforcement in mortars of a dry 
consistency showed a higher degree of pitting. The increase in water content 


5: considerably reduced the pitted area in 1:2 mortars, less so in 1:4 and 1:8. 
3 No monotonic reduction was found in 1:6 and 1:10 mortars, though here too 
a the same tendency seems to exist. 

eZ 5. No regular relationship between the cement content and amount of 


: rust has been found, though the 1:2 mortar was the best in all cases. Yet 
E only at sufficiently fluid consistencies (W/C = 0.65 and 0.8) was the amount 
q of rust low; at a semiplastic one (W/C = 0.50) it was considerable. 

. The 1:4 mortar provided adequate protection to the reinforcement for a 
a limited period only (in the present tests for 2 years), after which extensive 
a corrosion set in. The 1:6 mortar, at all water-cement ratios, showed no 
3 advantage over 1:8 and 1:10 mixes and was actually inferior in some cases, -~ 
4 as is shown by the rust quantities after 2 and 4 years. At nearly all Ww/C 

s:, ratios, 1:10 mortar was superior to the 1:8 mix. 

a 6. In Fig. 11 weight of rust is plotted against degree of pitted area. It 
E 

4 

4 

4 

4 


can be seen that in the 1:2 mortar the increase in weight goes together with 
In other mixes the scatter of the data indicates that the 


increase of area. 
d by an increase in the depth 


increase in weight from 10 to 20 percent is cause 
of pits, rather than in area. 

7. Maximum pitting dep 
mix, was from 1.7 to 2.1mm. In many 
another, reducing the bar diameter from 6 to 
pits were few and rather shallow. 


th in all mortars, with the exception of the 1:10 
bars the pits formed opposite one 
about 3.5 mm. In the 1:10 mix, 


lta 


Fig. 9—Rust on bars coated with cement paste of water-cement ratio of 0.27 and 0.63 
respectively, made with sea water, after. 1 month in moisture room. Dark spots show 
rust products, light areas the cement paste 
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Fig. 10—Rust on bars coated with cement paste of water-cement ratio of 0.27 and 
0.63, respectively, made with tap water, after 1 month in moisture room. Dark spots 
show rust products, light areas the cement paste 


Comparison with other storage conditions 

All of the foregoing data refer to specimens stored in a moisture room. For 
comparison, parallel specimens from a number of mixes were stored in tap and 
sea water. Results are given in Table 15. The data show clearly that in the 
case of completely immersed specimens, the salts present either in the mixing 
or in the storing water do not affect the reinforcement, and that the steel 
behaved just as in salt-free mortars. 


DISCUSSION OF RESULTS 


The data obtained by submerged corrosion tests in calcium hydroxide 


solutions and concrete extracts are considered an appropriate background, . 


against which the results of the study of behavior of reinforeement embedded 
in various mortars should be discussed. 

First, it has been found that in the presence of salts none of the mortar 
mixes tested afforded adequate protection to the reinforcement unless per- 
manently immersed in water. This is understandable in the light of the pH 
values required for inhibition of corrosion as presented in Table 4, on the 
one hand, and of the pH values of the salt-containing mortars, as measured, 
on the other. The pH values of the air-stored mortars were below the level 
of complete inhibition and consequently corrosion set in. 


Amount and character of corrosion 


In most specimens the pH was close to the inhibition limit, a fact which 
explains why the corrosion took the form of pitting. In the very porous 
mortar of the 1:10 mix, where the pH was considerably reduced by carbona- 


TABLE 15—INFLUENCE OF STORAGE CONDITIONS ON CORROSION AT TEST 
AGE OF 6 MONTHS 


Cement-aggregate 1:8 1:6 
ratio 
w/c i ie 1 0.8 0.6 
Consistency Plastic Very plastic Very Stiff- Semidry 
sloppy plastic 
Mixing water SW SW Ww TW TW 
; Storing MR SW TWIMR SW T 
Sent, Saecont of bar Ww SW TW|SW TW!SW TW 

weight 2.2. 0.07 0.09/1.4 0.08 0.04 0.01 0.01/0.02 0.01/0.02 0.01 


MR = moisture room; SW = sea water; TW = tap water. 
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tion, reaching presumably a much lower level than in the richer mixes, the 
corrosion was of the ‘‘general’” type. 

In addition to the alkalinity of the environment, as measured by the pH 
values, the amount and character of corrosion of steel in mortar or concrete 
are affected by such factors as differential variation of the salt concentration, 
the moisture, the aeration (CO2 and oxygen), etc., which induce the forma- 
tion of microcells. The combined effects brought about a variety of pheno- 
mena, as observed in the tests reported here. 


Influence of cover 

The present investigation confirmed the conclusion drawn in the former 
study® that evenness of cover over the reinforcement plays a pronounced 
part in protection against corrosion. This evenness of the covering proved 
more decisive than its density, as shown by the fact that wet mortars pro- 
vided better protection. This may partly be due to the higher initial pH 
values of wet mortars. 
Effect of storage conditions 

Specimens stored permanently in water had the double advantage of a 
pH value above the inhibition level (12.95) and a uniform salt concentra- 
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tion.* This explains the fact that in mortar made with sea water and im- 
mersed in tap or sea water, practically no corrosion of reinforcement took 
place (there is no fear of an increase in the concentration of the soluble CaCl. 
formed by the action of MgCl:, present in the sea water, on the Ca(OH)» of 
the mortar; an increased CaCl, concentration would have lowered the pH 
considerably). 

Although the tests on which this last conclusion is based were conducted 
over a period of 6 months only, the results can be accepted as permanently 
valid—in view of the prevalence of the basi¢ conditions (uniform salt con- 
centration and sufficient alkalinity) as long as the dense concrete, in a state of 
complete and uninterrupted submersion, does not deteriorate. In the case 
of air-exposed concrete, however, the data indicate that only long-term tests 
can provide conclusive results (see Table 12). 

Concrete behavior inferred from mortar tests 

The authors suggest that although the test data are confined to mortars, 
inference may also be drawn as to the behavior of reinforcement in concrete. 
This suggestion is based, among others, on the former study® on corrosion of 
reinforcement in salt-free mortar and concrete, which furnished ample evi- 
dence, that the behavior of steel embedded in mortar is basically the same 
as when embedded in concrete, though quantitatively the effect is not nec- 
essarily identical. 


It may be assumed that whenever moisture penetrates into dry salt-con- 


taining concrete the salts dissolve immediately, whereas the sparingly soluble 
Ca(OH)» dissolves slowly, yielding a low pH at a high salt concentration 
and thus facilitating corrosion. This, of course, would not happen in a spec- 
ially dense concrete (the kind of concrete which can be achieved only by close 
attention to every detail in connection with the selection of materials, pro- 
portioning of the mix to produce a truly plastic concrete having a relatively 
low water-cement ratio, and thorough consolidation of the concrete as placed). 
Still, even when moisture penetration into reinforced concrete mixed with 
sea water is prevented, the question remains whether the hygroscopic mois- 
ture (composed of both some mixing water retained by the salts and that 
absorbed from the penetrating air) suffices for development of corrosion of 
any significance. Further research is needed in this respect. 

Tests made with Ca(OH), solutions of low salt concentrations prove that 


they, too, promote corrosion. This may be partly explained by the low- | 


ering of the initial pH, affected also by small concentration of salts, the effect 
of sea salt being considerably greater than that of sodium chloride (see Fig. 1). 
On the basis of this phenomenon and observation of structures close to the 
Mediterranean Sea shore, it is deduced that penetration of salt spray into 
conerete (originally made with fresh water) is likely to cause corrosion of 
the reinforcement, because it both lowers the pH value of the concrete and 
introduces a differential salt concentration. Here again the remedy is in a 
very dense concrete or a suitable waterproof coating. 


*In specimens stored in the moisture room differential salt concentration was measured. 
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Atmospheric carbonation effect 

One more point warrants explanation. In the laboratory tests CO,-free 
air was used for aeration of the Ca(OH), solutions, to avoid reduction of their 
alkalinity by carbonation. Now, what about the effect of atmospheric car- 
bonation on the pH of mortar and concrete? 

There is enough evidence to show that in a concrete of ordinary quality 
atmospheric carbonation is not likely to proceed beyond a surface layer up to 
a few millimeters thick;!*4 thus the pH of more than half of the usual depth 
of cover and particularly of the immediate environment of the reinforce- 
ment would remain unaffected, similarly to the pH of Ca(OH). solutions 
into which CO,-free air was introduced. The few tests made by the authors 
on freshly cut mortar and concrete surfaces by treating with titan yellow 
and tropeolin 0 proved this presumption to be correct. 


CONCLUSIONS 


On the basis of the above tests and considerations the following conclusions 
are suggested : 

1. The alkalinity of air-exposed mortars and concretes made with 
Mediterranean Sea water is insufficient for complete inhibition of cor- 
rosion of reinforcement. This is also the case when sea salts penetrate 
into concrete made with tap water. 

2. Sea water used for mixing mortar or concrete for air-exposed rein- 
forced structures tends to make the reinforcement highly vulnerable to 
corrosion. 

3. Maritime reinforced structures should be protected against any 
penetration of sea water or salt spray by using specially dense* con- 
crete and adequate depth of cover, or by means of special surface ren- 
dering. 

4. It is believed that the laboratory test data corroborated by the 
behavior of sea structures in practice, constitute sufficient ground for 
the supposition that there is no danger of corrosion of reinforcement 
in concrete made with tap or sea water in the case of permanent and 
total immersion in sea water, provided the usual requirements for con- 
erete made to withstand salt water, waves, etc., are observed. 
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Title No. 55-77 


Waterstops for 
Joints in Concrete 


B. KELLAM and M. T. LOUGHBOROUGH 


Waterstops are grouped into six categories, depending on shape 
and material. Studies have indicated that a properly compounded 
polyvinyl chloride is likely to outlast many of the materials used 
in the past. 


An investigation of the watertightness of various shapes and sizes 
of waterstops is described, from which it is concluded that “‘flat 
corrugated” and “flexible metal’’ types are superior to “‘dumb- 
bell’”’ and ‘‘metal plate’”’ waterstops. 


Physical properties of waterstops are discussed with reference to 
their ability to withstand rough treatment during installation and 
their ability to accommodate joint movements. Waterstops of 
various shapes and materials are compared with regard to ease 
of installation. Methods developed for cutting, splicing, and 
installation of pvc waterstops are outlined. 


m JOINTS IN CONCRETE STRUCTURES, one side of which are 
subjected to hydrostatic load, must contain special provisions to insure 
watertightness. Such joints are generally provided with waterstops con- 
sisting of a diaphragm of metal, rubber, or plastic, bridging the jomt and 
embedded in the concrete on either side. In a contraction joint where ex- 
pansion and contraction of the concrete cause the joint to close and open, 
the waterstop must be designed to accommodate itself to movement. A 
construction joint in which no movement is expected to occur, does not 
impose this requirement on the waterstop. 

Prior to World War II most waterstops were made of metal and consisted 
of either a rigid metal plate or some form of flexible metal diaphragm. In 
1935, the U. S. Bureau of Reclamation instituted the use of rubber as a 
material for waterstops. These waterstops consisted of dumbbell shapes and 
were used as a substitute for metal in various applications. Rubber water- 
stops of the same shape are still being used and, in general, appear to be 
giving satisfactory service.* With the rapid progress in the development of 
plastics during and after World War II, manufacturers have recently marketed 
waterstops of various shapes made of polyvinyl chloride (pvc). 


*Allen, BE. A., and Higginson, E. C., ‘“Waterstops in Articulated Concrete Constrtiction,”” ACI Journat, V. 
27, No. 1, Sept. 1955 (Proceedings V. 52), pp. 93-102. 
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B. KELLAM € 
has been a member of the staff of The Hydro-Electric Power Commission 
From 1929 to 1947 he was actively 
engaged cal at- 
tack. S 
variety of applications. 


M. T. LOUGHBOROUGH 
joined the staff of The Hydro-Electric Power Commission of Ontario, Re- 
search Division, in 1947. His assignments since that time have included the study 
of capping materials and the development of a sulfur capping mixture, the devel- 
opment of special equipment for studies of concrete and concrete aggregates, 


the study of the use of electrical resistance strain gages for thermal expansion 


measurements, and an investigation of the effects of lignin in concrete. 


Up to 1954, The Hydro-Electrie Power Commission of Ontario used only 
metal waterstops. Although these have performed well in most instances, 
some cases of leakage have occurred and it was felt that an investigation 
into the merits of the flexible waterstops of rubber and pve was warranted. 

The investigation was designed to cover as many aspects of the problem 
as possible. All known types of waterstops were considered and the most 
commonly used were subjected to leakage tests at various water pressures 
and joint openings. Other service requirements such as longevity, strength, 


and elongation were investigated. Tests were run on the handling properties: 


such as cold weather flexibility, the resistance of waterstops to rough handling 
on the job, and ease of installation. On completion of the investigation the 
decision was made to adopt plastic waterstops and a further study was made 
of installation techniques, including methods of cutting and _ splicing. 
Finally, a specification covering materials and shapes was developed for use 
in the purchase of waterstops for Ontario Hydro use. 


TYPES OF WATERSTOPS 


Types of waterstops investigated logically fall into six groups designated 
here as labyrinth,* flat corrugated,* dumbbell 2-bulb, dumbbell 3-bulb, 
flexible metal, and steel plate. Fig. 1 shows a typical example of each type. 
The first four are manufactured from rubber or polyvinyl chloride. The 
labyrinth type was designed to obviate the need for splitting the forms to 
install the water-stop and is limited in its use to construction joints where 
little or no movement is expected. The flat corrugated type is characterized 
by numerous ribs or corrugations running the length of the waterstop. 
The dumbbell types rely on the bulbs at the ends of the section to provide 
anchorage in the conerete, and the hollow center bulb in the 3-bulb type 
makes provision for shear movement in the joint. The flexible metal type 
may take many forms. The typical one shown is a strip of thin gage metal, 
often copper or stainless steel, with a deep crimped V-groove in the center 
to accommodate joint movements. The steel plate type refers to a heavy 

*Patented. 
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gage flat metal plate, one-half of which is embedded firmly in the concrete on 
one side of the joint, the other half being coated with asphalt to allow it to 
slip in the concrete when movement occurs. 


DURABILITY OF WATERSTOP MATERIALS 


Since in many concrete structures the replacement or repair of faulty 
__waterstops is a prohibitive undertaking, it is of paramount importance that 
a waterstop should continue to perform well for the life of the structure. 
Massive structures such as dams may conceivably be required to last for 
several centuries. How will the various materials of which waterstops are 
made, stand up to such long periods of service? 


Metal 


Corrosion is likely to be the predominant factor with wrought iron or 
carbon steel. On the upstream face in the vicinity of the water line, and on 
the downstream face, where the air in contact with the waterstop is likely 
to be moist, the prevailing conditions are likely to result in a high rate of 
- eorrosion. To estimate life expectancy would be hazardous, since so much 
depends on conditions and on the effectiveness of any protective coating 


a applied to the water-stop. So far as corrosion is concerned, copper or stain- 
e less steel might be expected to last indefinitely. With copper waterstops 
mechanical fatigue caused by repeated opening and closing of the joint may 
Gi be the cause of failure rather than 

4 corrosion. 

2 Rubber 

4 Rubber is longest lived completely 

% out of contact with oxygen, and when 

-_ protected from sunlight. Waterstops 

g are generally not subjected to sunlight 

but do contact oxygen in air on the 

z downstream side and in water on the 

upstream face. The degradation of 

rubber exposed to oxygen causes 

3 hardening and eventual cracking. If 

___ rubber is completely relaxed the rate 

eof degradation is much slower than 


when under stress, particularly tensile 
stress. 

The oxygen-bomb test is a standard 
test for determining the resistance OL Neel ha iiss 2 eet ee 
es toagiue: Unfortunately, Meet Fig. 1—Examples of six types of water- 
is no known correlation beuyeut tes stop. From top to botfom: labyrinth, flat- 
life of rubber for any application and corrugated, dumbbell 2-bulb, dumbbell 
the results of the oxygen-bomb 3-bulb, flexible metal, and steel plate 
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test. This is due to the large number of variables in each application that 
can and do affect service life. The test, therefore, is useful only for comparing 
the resistance of one rubber with that of another. 

From the viewpoint of resistance to alkaline environment, rubber has a 
high order of durability. It will be of the same order of durability as pve. 
It is not subject to extraction of plasticizer like pve; the rubbers tested to 
date have all shown a gain in weight on immersion in laitance water. 

The longest record known to the authors of the use of rubber waterstops 
on this continent is that of the U. S. Bureau of Reclamation, mentioned 
earlier, dating back to 1935. Field observations of rubber used in other 
applications where air is a contact medium, suggest that 35 years is the 
longest period for which satisfactory performance can be anticipated. 


Polyvinyl chloride 

Polyvinyl chloride, when pure and uncompounded, forms articles that are 
hard and rigid. When compounded with certain plasticizers, commonly 
liquids, pve becomes flexible, tough, and leather-like. Ontario Hydro has 
had experience with pve for conductor insulation and sheathing dating back 
to 1940. The pve has been exposed under a variety of conditions, much of 
it underground, and without a single failure due to deterioration. 

Extensive evaluation of plasticized pve used for insulation has shown 
that it is virtually unaffected chemically by alkaline environment much 
stronger than that associated with freshly-placed concrete. This means 
that there is no chemical deterioration of the pve as a result of embedment 
in concrete. Tests performed on waterstop vinyls, the first of which was 
done early in 1952, show the same chemical inertness. 

The difference between pve for electrical insulation and that for water- 
stops is in the type and quantity of plasticizers used. The base resin is the 
same. That approved for waterstops is especially compounded to allow 
use over a wide range of temperatures. A common weakness of ordinarily 
plasticized pve is the tendency for the plasticizer to migrate to any liquid 
in which the compound is submerged. When the liquid is water the rate 
of loss of plasticizer is inffuenced by the water temperature, the nature of 
the solution, and whether or not the water is periodically renewed. If this 
loss is appreciable the pve gradually reverts to its original stiff, hard, un- 
plasticized state. There is a wide variety of plasticizers of varying plasticiz- 
ability and behavior under extraction conditions. In recent years, pve has 
become available specially compounded with polymeric plasticizers, and 
these are virtually unextractable by water. 


Effect of plasticizer loss on pve waterstops 


To assess the effect of plasticizer loss on the ability of the pve to function 
as a waterstop, a test was developed that was later incorporated in Ontario 
Hydro’s specification for pve waterstops. ASTM dumbbell-shaped tensile- 
test specimens were cut from 1 in. thick sheets and weighed. These were 
immersed in a solution of 0.5 percent sodium and 0.5 percent potassium 


vey 
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hydroxides stirred by bubbling air. The content and concentration of the 
extracting solution was based on the analysis of the strongest concrete laitance 
water encountered in two decades of study, and it approached the limit of 
the pH scale on the alkaline side. This concentration is believed to be the 
strongest to which a waterstop will be subjected in service. The solution 
was kept at 140-150 F and changed each day. The test was continued until 
daily loss in weight of the specimens reached a minimum. With materials 
tested to date the time required has varied from 17 to 82 days and the loss 
from 0.14 to 7.39 percent; maximum gain was 0.47 percent. 

After this treatment the specimens were tested in tension and elongation, 
the results being compared with the ‘“as-received” values. Reduction in 
tensile strength and elongation ran as high as 16 percent and 30 percent, 
respectively, but the residual values were considered adequate. In this way 
the performance of a waterstop material was determined under the condition 
where all extractable plasticizer was lost—a condition that would take many 
years to reach in service. 

Another consequence of the loss of plasticizer was the possibility that such 
organic matter might be deleterious to freshly placed concrete, in line with 
the generally accepted belief that organic matter in concrete is undesirable. 
For this reason the acceptance tests originally included one in which speci- 
mens cut from the waterstop, or from molded sheets, were immersed in the 
same alkaline solution as above for 30 days at room temperature. Changes 
in weight, durometer hardness, and dimensions were noted at 7 and 30 days. 
An arbitrary maximum weight gain permitted at 7 and 30 days was 0.25 
and 0.40 percent, respectively. No loss was permitted. The maximum 
permissable change in durometer hardness was = 5 points. 

Additional tests, run since Ontario Hydro’s specification was first drawn 
up, involved exposure of freshly hardened mortar trays to several of the more 
common plasticizers in the pure state. After 1 month, examination of ex- 
posed surfaces showed no discernible change when compared with the control 
specimens. Accordingly, the specification has been amended to permit a 
decrease in weight during this test of not more than 0.10 percent after 7 
days and 0.40 percent after 30 days. This permissible loss applies to the 
common plasticizers used in pve in North America, but not to the fatty 
acid type sometimes used in Europe. These could be deleterious to freshly 
placed concrete. 

The results of the various investigations and experience with its use in 
other applications support the belief that it will be more durable than 


ferrous metals or rubber. 


WATERTIGHTNESS 


The prime function of a waterstop is to prevent water from escaping 
through the construction or contraction joint across which it is installed. 
To determine the relative watertightness of different. shapes of waterstops, 
comparative leakage tests were run on samples of all the types in Fig. 1. 
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Test arrangement 


The tests were arranged so that various pressure heads could be applied, and so that the 
two sections of concrete supporting the waterstop could be separated to provide any desired 
joint opening. Fig. 2 and 3 show the general arrangement of the test setup and a cutaway 
section revealing the waterstop embedded in the concrete. 


To prepare a sample for test, a length of waterstop was first formed into a ring by splicing 
together the two ends. With the labyrinth types a square “ring”? had to be made by splicing 
four pieces together, since this type of material cannot be bent in the direction required in 
the test setup. Details of the splicing techniques will be described later. The ring was then 
suspended horizontally in the center of a box having a 2-ft square base and a height of 15 in. 
Concrete containing 114 in. maximum size aggregate was placed around and inside the ring 
and brought level with the center line of the waterstop, leaving the upper half of the ring 
projecting above the concrete. After the first lift of concrete had hardened, pieces of building 
paper were cut to cover the whole of the “parting area” except for a circular hole in the center, 
large enough to accept an inverted metal pie plate (See Fig. 2). This pie plate had a hole 
cut in the center through which the water supply was fed. The top half of the box was then 
filled with concrete, completely enclosing the waterstop, but leaving a passage under the pie 
plate and the building paper for water to reach the waterstop. 


Four bolts were set in the top and bottom sections of concrete to enable the two sections 
to be jacked apart for simulated joint movement. The separation of the top and bottom 
sections was limited by three pairs of tie rods which were also used for jacking the sections 
apart. Water from a storage tank was fed to the test rig through a piece of flexible rubber 
hose and pressure was applied to the tank from a compressed air supply equipped with a 
pressure regulator. 


Leakage test 


After a specimen of waterstop had been embedded, the concrete was cured until a strength 
of at least 3000 psi was attained in companion test cylinders. The water connections were 
then made and the two sections of concrete 

jacked apart about 1/32 in. This was done 

con eaTeR UNDER to insure a free water passage from the center 
- of the block to the waterstop. The sections 

were then allowed to close again, and the tie 
rod nuts screwed down finger-tight. Water 
pressure was then applied at a pressure of 
10 psi for 75 min. The first 15 min was a 
stabilizing period, during which any leakage 
was expected to reach a constant rate. Dur- 
ing the remaining 60 min any water escaping 
past the waterstop was collected, and meas- 


and the length of waterstop used the rate of 
leakage per unit length of waterstop per unit 
of time was calculated. This process was 
repeated at pressures of 25 and 50 psi giving 
leakage rates corresponding to heads of 23, 
58, and 116 ft of water. The initial tests 
were made with a closed joint. Subsequently, 
the tests were repeated with joint openings 
eciccae wan of % and Win. Finally, the joint was closed 
Seng: again and a further test run to establish 


whether watertightness is affected by previous 


Fig. 2—Leakage test setup opening of the joint. 


ured. From the volume of water collected . 
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The amount of leakage obtained, when considered in terms of gallons per 
foot per day, was in most cases negligible (Table 1). However, these tests 
were made under laboratory conditions with excellent consolidation of the 
concrete, and the results should be considered as comparative values rather 
than as the amount of leakage likely to occur on the job. 

The types of waterstop showing the least leakage were the flat corrugated 
and the flexible metal types (Table 1). Of the four samples of flat corrugated 
waterstop tested only one showed any leakage and this was a small quantity 
past the heat-sealed splice in a 6-in wide waterstop at a joint opening of 


TABLE 1—RESULTS OF LEAKAGE TESTS ON WATERSTOPS 


Leakage, imperial gal. per linear ft per day 


Type Size Joint closed Open \% in. Open % in. | Reclosed Remarks 
10 psi | 25 psi | 50 psi | 10 psi | 25 psi 50 psi | 25 psi | 50 psi | 50 psi 
Labyrinth | 2 rib 0 0 0 0 0 0 Pulled out —_— Believed to be 
3 rib 0 0.035 | 0.021 0 0.133 | 0.222 | 0.645 | 0.756 — from the four 
4 rib 0 0 0.333 0 0 0.645.| 20.1 28.0 4.58 corner joints 
Flat 5 in. 0 0 0 0 0 0 0 0 0 
corru- 6 in. 0 0 0 0 0 0 0 0 0 
gated 6 in. 0 0 0 0 0 0 0.004 | 0.004 0 Clearly from 
9 in. 0 0 0 0 0 0 0 0 0 joint 
Dumbbell | 4 in. 0 0 0 0 0 0 0.389 | 0.401 0 
2-bulb 6 in. 0 0 0 0 0 0 0 022 0 
6 in 0 0 0 0 0.019 | 0.041 | 1.35 1.13 = 
6 in. 0 0 0 0 0 0 0.160 | 0.187 Ai 
6 in. 0 0 0 0 0 0 0.167 | 0.401 0 
9 in. 0 0 0 0 0 0 0.011 | 0.006 0 
9 in 0 0 0 0 0 0 0 0 0 
Dumbbell | 9in. | 0 0 0 0 0 0 0 0 0 
3-bulb 9 in. 0 0 0 ae Ly A rT Ah 0 
9 in. 0 0 0 0 0 0 0 0 0 
Rigid steel |16 in. | 78.8 _— — 
plate = 16 in. 0 64.3 89.4 18.8 63.7 
Flexible 12 in. 0 0 0 0 0 0 Oz 0 


metal 


_ .- *T = trace. 
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Fig. 4—A 34-in. extension on 

a 9 in. flat corrugated water- 

stop, showing the anchorage 
provided by the ribs 


] 
e 
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14 in. The one sample of flexible metal waterstop that was tested showed 
no leakage. 

The two larger sizes of labyrinth waterstop showed some leakage particularly 
when the joints were opened. It was evident from observations during the 
tests, however, that most of the leakage was from the four spliced corners. 
The fact that the smallest size, the two-rib type which was tested without 
corners in an earlier set-up, showed no leakage whatever, even with a )-in 
joint opening, indicates that straight runs of labyrinth are not likely to leak. 
The labyrinth shape, however, is recommended only for construction joints 
where little or no movement is anticipated. 

The dumbbell samples, while being watertight with closed joints, almost 
without exception leaked with a 14-in joint opening. The center bulb in 
the 3-bulb waterstop does not seem to add materially to watertightness for 
straight joint separation. In the 9-in dumbbell waterstop two samples of 
2-bulb and three of 3-bulb were tested. One of each type leaked a small 
amount. 

The rigid steel plate waterstops produced the most leakage of all types 
tested, regardless of whether the ‘‘sliding” half of the plate was coated with 
emulsified asphalt or a rubberized asphalt joint sealing compound. 

To clarify the reason for the superior watertightness of the flat corrugated 
type over the dumbbell type in open joints, a short piece of each was em- 
bedded in concrete with the ends exposed to view and submitted to a tension 
test. When the dumbbell shape was extended the flat portion of the water- 
stop reduced in thickness, leaving only the bulbs at the ends in contact 
with the conerete. Since concrete is not completely impervious, some water 
can seep past this small area. When the corrugated section was extended 
(Fig. 4), the pull required to stretch the material was taken by the ribs nearest 
the center leaving the other ribs and the major part of the waterstop in 
intimate contact with the concrete. 
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To be effective, a waterstop must have adequate strength to support the . 
required head of water and must be sufficiently flexible to accommodate any 
movement occurring in the joint. The ability of waterstops to meet these 
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requirements has generally been established from hydrostatic tests. Results 
reported above indicate that a head of 110 ft with a }4-in joint opening is 


‘within the capabilities of even a 5 in. wide waterstop of relatively thin 


material. Ontario Hydro structures are normally supported on firm rock 
foundations. Movements between sections are therefore expected to be 
limited to those caused by thermal effects. Accordingly the maximum 
opening that can be accommodated by the larger sizes of waterstop was not 
established, nor was the effect of shearing movements. 


Effect of temperature 


In locations where one face of the waterstop is in contact with a large 
body of water, the temperature in winter can never drop very far. Where 
the moderating effect of water is not present during cold weather, water- 
stops may be subjected to the maximum joint opening at very low temper- 
atures. Tests on sections of pve waterstop representative of materials 
recently installed in Ontario Hydro projects indicated that joint openings 
of as much as 0.9 in. can be accommodated at a temperature of — 20 Ee 

Flexibility at low temperatures is also necessary to enable a waterstop to 
be manipulated during winter installation. Certain pve waterstops have 
been found to be completely unworkable at a temperature of —10F. With 
proper compounding, however, a pve can be made that will be adequately 
flexible at this temperature. 


Toughness 

A waterstop may receive rough handling on the job until after the con- 
crete has been placed around it. The most critical condition for pvc is 
probably when half the width is exposed on the face of a section of concrete 
waiting the placing of the adjacent section. During this period the water- 
stop is exposed to the possible impact of heavy construction materials and 
equipment at temperatures which in northern Ontario are often as low as 
—20F. Toughness to withstand this treatment is therefore a necessary 
attribute. Experience to date indicates that both pve and rubber water- 
stops are adequate in this respect. Toughness in a waterstop cannot be 
evaluated directly, but tests of tear resistance in conjunction with tensile 
strength and elongation at room temperature, and impact strength at low 
temperatures are believed to be reliable indicators. Pve materials that 
have proved satisfactory in the past have exhibited tensile strengths of about 
1800 psi, elongations of 280 percent, and tear resistances of at least 250 Ib 
per in. Small sections of finished pve waterstop of the same materials have 
resisted impacts of 40 ft-lb at — 20 F. 


Stiffness 

Another important. property is the stiffness of the waterstop necessary 
to resist being folded during concrete placing. Experience to date is not 
too conclusive on the stiffness required. With careful placing it has been 


found on some jobs that a waterstop 1g in. thick at the center (excluding 
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TABLE 2—PHYSICAL PROPERTIES hollow bulbs) made from a suitable 
OF RUBBER AND POLYVINYL CHLORIDE pve compound can be installed with- 


WATERSTOP_ COMPOUNDS out being folded. On the other jobs 


pee i procs | Ota oy difficulty in achieving this result has 
roperty iA gee FSO « 
pounds | High | Low heen overcome by lacing the protrud- 

Polyvinyl chloride compounds i , f the waterstop to a stra- 
det geegicge | 18” | | ae ee omtimad ata 
Elongation, percen Ss al 
en reaintanse, lb per in. 15 431 188 tegica y positioned reintorcing bz 
Stiffness in flexure, psi , 12 878 | 210 
Rubber compounds _ ) Creep of polyvinyl chloride 
Oa 5 | 3270| 2630 One undesirabl ty of pve i 

a) Origin F 26: Ss re 

(b) After 48 hr oxygen bomb 5 2780 | 1690 be ne undesirable property OF PVC 18 
So rte reent : el chs oS tendency to creep under stress. 

(b) After 48hroxygenbomb} 5 | 492) 356 This might lead to a waterstop slowly 


deforming under the hydrostatic load 
when the joint is at its maximum opening. Then on closure of the joint, 
the “bulge” might become pinched with the resultant possibility of fracture. 
The rate of creep increases with higher temperatures. To check the be- 
havior of typical waterstop pve’s in this respect, a laboratory test was run 
on a piece of waterstop accepted for the St. Lawrence power project. A 
weight of 15 lb was applied to an area 0.3 in. wide and 1 in. long, representing 
a head of 104 ft of water. The test was made at the abnormally high temper- 
ature of 100 F to accelerate the effect. The results showed a decreasing 


rate of creep with time, a displacement of 0.035 in. being obtained after 2- 


months. It was therefore concluded that the amount of creep occurring 
under actual service conditions would be negligible. 


Relative properties of rubber and pvc 


As an indication of the relative properties of rubber and pve compounds 
used in commercially available waterstops, the range of test results obtained 
in acceptance testing of waterstops for Ontario Hydro use during the past 
5 years is summarized in Table 2. The tests for which results are reported 
for the pve compounds are described in the Appendix on p. 1284, and those 
used for the rubber compounds in ASTM D 412-51T and D 572-53. 


INSTALLATION 


Besides being able to prevent the passage of water, a good waterstop | 


should be easy to install. The installation of a waterstop necessitates nu- 
merous joints or splices between the intersecting pieces. Time consumed 
in making intersections is a major part of the total installation time. With 
metal waterstops, skilled labor is required to weld or braze the junctions, 
and once made, joints in thin metal waterstops are prone to damage before 
receiving the protection of the surrounding concrete. Portable electric 
machines for making butt splices, and factory-made tees, ells, and crosses 
are available for both rubber and pve. These are simple to use and excellent 
splices can be made by semi-skilled labor. With pve, reasonably neat and 
effective splices can be made using hand tools. 
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All, except the labryinth and a recently introduced split dumbbell type 
waterstop, require the formwork to be split to position the waterstop across 


the joint between two sections of concrete. The labyrinth and split dumb- 


bell types are nailed directly to the face of the form, and thereby reduce the 
cost of installation. 

For a waterstop to be watertight, it must be in intimate contact with 
the concrete in which it is embedded. The opinion has been expressed that 
the ribs on some designs are so fine and closely spaced that concrete would 
not form itself to the shape of the waterstop. Fig. 5 shows a concrete sur- 
face formed against a piece of labyrinth waterstop. The concrete was a lean, 
harsh mix with 3-in. maximum size aggregate. The surfaces formed clearly 
demonstrate that there is sufficient paste and aggregate of smaller sizes 
in this type of concrete to fill the grooves between the ribs. It can also be 
seen that the fine ribs, which are 1/16 in. wide and 1/32 in. deep, are faithfully 
reproduced in the concrete. However, it is only with systematic and thor- 
ough vibration that such intimate contact can be ensured over the entire 
length of waterstop. It is also desirable to restrict the use of labyrinth 
waterstops to vertical surfaces. When placed horizontally, some difficulty 
may be experienced in filling the grooves on the underside with concrete, 
and also in cleaning the grooves on the top side before placing the upper 


section of concrete. 


SELECTION OF WATERSTOPS FOR ONTARIO HYDRO USE 


Having gathered information on durability, watertightness, ease of in- 
stallation, and mechanical properties, a decision had to be made on the most 
suitable types of waterstop to adopt for Ontario Hydro use. Maximum dur- 


Fig. .5—Concrete surface — 
formed against labyrinth | 
waterstop eee 


— 
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9" ___— ability and watertightness when in- 
stalled under field conditions were the 


7 z criteria considered to be most im- 


As pointed out earlier the maximum 
assurance of durability should be ob- 
tained with stainless steel, copper, or 
a properly compounded polyvinyl 

| chloride. So far as watertightness is 
2" concerned the laboratory tests showed 
the flat corrugated and the flexible 


metal types as performing equally 
| i" well. It was felt, however, that with 
65 the flexible metal waterstops the diffi- 


Fig. 7—Cross section of Type A labyrinth culties of making joints and the pos- 
waterstop adopted for construction joints sibility of damage before and during 

the placing of concrete around the 
waterstop might considerably reduce its ability to stop water. This reasoning 


Fig. 6—Cross section of Type B waterstop 
developed for contraction joints 


pointed to flat corrugated waterstops made of pve as being the most suitable 


combination. The investigational work also suggested that for construction 


joints where no movement is anticipated, the labyrinth shape, also made of . 


pve, should be adopted. 


The outcome of these proposals was that for all contraction joints and 
some construction joints, a modified flat corrugated waterstop (Fig. 6) made 
of pve was specified incorporating improvements suggested by the laboratory 
investigation. The longitudinal ribs provide the main barrier against the 
passage of water. The center bulb is incorporated to prevent tearing of the 
seal in the unlikely event of. large lateral displacements, and the bulbs at 
the ends provide a last line of defense in areas where honeycombing results 
from poor placing of concrete. The thickness is believed to be such that, 
with the stiffness in flexure specified for the material, the waterstop will 
stand up against the pressure of the fresh concrete tending to fold it over 


_ during placing. For construction joints where the labyrinth shape provides 


_ Savings in installation costs and where the orientation of the shape allows 


easy consolidation of concrete about it, a modified labyrinth waterstop, 
(Fig. 7), also of pve, was specified having larger over-all dimensions and 
greater spacing between the ribs than found in commercially available shapes. 
These shapes were designated as Type B and Type A, respectively. 
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INSTALLATION TECHNIQUES—PVC WATERSTOPS 


When the decision was made to adopt pve waterstops for Ontario Hydro 
structures, a study was made of the techniques involved in installing the 
waterstops in the forms. Briefly, this operation consists of cutting the 
lengths required, splicing the pieces together, either in a shop or in the form, 
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and fixing the tailored waterstop in 
position. Various types of inter- 


direction and at junctions of one 
length of waterstop with another. 


Cutting waterstops 


The method recommended by the 
manufacturers for cutting pve water- 
stops was to use a sharp knife or hand Fig. 8—Cutting labyrinth waterstop 
saw. The knife was found to be better 
than the saw, but neither tool gave an accurate cut, and with heavy sections 
considerable effort was required. In the search for a quicker, more accurate 
method it was found that a carpenter’s portable circular saw fitted with a 
hollow ground planer blade can make excellent cuts quickly (Fig. 8). The 
resulting clean cut makes splicing easier because of the close mating of the 


surfaces. 


Splices 

A splice in any flexible waterstop material must be strong and homogeneous. 
In the case of the ribbed designs, which depend on the continuity of the 
ribs for their ability to prevent the passage of water, it was found during 
the leakage tests that the ribs must be preserved in the area of the splice. 
Experiments using hand tools showed that an electrically heated soldering 
iron fitted with a variety of tips is convenient to use and produces satisfactory 
splices. The equipment used is shown in Fig. 9 and 10. The iron is of 300 
watt capacity. The three knife-like tips are used for fusing the two surfaces 
to be joined and the larger grooved tip is for remolding the ribs on flat cor- 


Fig. 9—Splicing a mitered 
corner in flat corrugated 
waterstop 
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Fig. 10—Grooved tip in sol- 

dering iron for remolding the 

ribs on flat corrugated water- 
stop 


rugated waterstops. For this purpose the grooves must match the ribs on 
the waterstop. 

A considerable amount of experience is required before the more compli- 
cated intersections can be spliced by hand, and the results are seldom perfect. 


Greater assurance of a perfect splice can be had by using factory-made inter-. 


section pieces and a portable electric 
splicing machine, an experimental 
example of which is shown in Fig. 11. 
With such a device the labor time is 
reduced to a minimum. The ends to 
be joined are trimmed with the saw 
and inserted in the splicing machine. 
Heat for fusing the pve is supplied by 
electric power controlled by a thermo- 
stat. Cooling is done by circulating 
cold water through internal passages 
in the machine. Test splices made in 
the laboratory with the machine illus- 
trated proved to be very satisfactory. 
No matter what splicing method is 
used on the job, some system of in- 
spection is necessary to ensure that all 
splices are properly made and that 
the waterstop is properly located in 
the form. Placing of concrete should 

Photo cain Medland Pateprim, and Electrovert, Lid. wis be allowed to start until the ogee 
Fig. 1—Splicing machine for flat corru- ‘ition of the waterstops has been 

gated waterstop inspected and approved. 
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SPECIFICATIONS 


A specification has been developed for use in the purchase of pve water- 
stops for Ontario Hydro use.* In addition to specifying shapes and dimen- 
sional tolerances, it ensures adequate properties in respect of longevity, 
strength, elongation, toughness and stiffness, and cold weather flexibility. 
Most of these properties can be evaluated by ASTM test methods. New 
techniques have been developed for evaluating the other properties such as 
longevity and cold weather flexibility. 


CONCLUSIONS 


Durability—A_ properly compounded pve is believed to be as durable as 
the best of the other materials in current use. 

Watertightness—Waterstops, of the flat corrugated type, having anchoring 
ribs close to the center that relieve the outer parts of the waterstop from 
strain in the event of joint movement, and the flexible metal types, were 
the most watertight of those tested. The labyrinth type provided a water- 
tight seal only when subjected to slight joint movements. 

Mechanical Properties—Proper design and suitable materials can provide 
a waterstop that is easier to install than the metal types used in the past. 
Polyvinyl chloride materials can be compounded to have the mechanical 
properties required for installation even in the coldest weather experienced 
in Ontario, and also to have adequate strength and stability to perform 


reliably once installed. 
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APPENDIX 


Excerpts from Technical Clauses of Typical Specification for Plastic Waterstops 
as Used by Ontario Hydro 
Material 

The waterstop shall b 
be polyvinyl chloride. 
hibitors, or other materials 
performance requirements given in this specification. 

Single-pass reworked material of the same composition generated from the fabricator’s 
waterstop production may be used. No reclaimed polyvinyl chloride shall be used. 


All waterstops shall be molded or extruded in such a manner that any cross section will 
be dense, homogeneous, and free from porosity and other imperfections. The tolerances 
The waterstops shall - 


e fabricated from a plastic compound, the basic resin of which shall 
The compound shall contain any additional resins, plasticizers, in- 
such that, when the material is compounded, it shall meet the 


shown on the drawings shall govern all cross-sectional dimensions. — 


be symmetrical in shape. 


*For excerpt from Ontario Hydro Designation C-245-55 see Appendix. 
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Qualification samples 

The supplier shall furnish a sample of the material for each of the types of waterstop on. 
which it tenders and which is in sheet form having a uniform thickness of from \%¢ to % in. 
and having a total area of not less than 2 sq ft. Each sample shall be comprised of pieces 
not smaller than 6 X 6 in. and shall be accompanied by an affidavit from the supplier to the 
effect that the sample is of the same material in all respects as that to be used in the manu- 
facture of the finished waterstop. 


In addition, the supplier shall furnish a 10-ft length of each type of waterstop he intends 
to supply. 


Physical requirements 


The waterstops or material from which the waterstops are fabricated shall meet the following 
requirements: 

(a) Tensile strength—The tensile strength of the material shall not be less than: 
Type A, 1200 psi; Type B, 1400 psi. 

(b) Ultimate elongation—The ultimate elongation of the material shall not be less 
than: Type A, 250 percent; Type B, 220 percent. 

(c) Tear resistance—The tear resistance of the material shall not be less than: Type 
A, 175 lb per in.; Type B, 250 lb per in. 

(d) Stiffness in flecure—The material shall have a minimum stiffness in flexure of: 
Type A, 200 psi; Type B, 350 psi. 

(e) Cold bend—When tested as described below, cracking of the specimen where 
bent, as determined visually, shall be considered failure to pass the test. 

(f) Impact resistance—When subjected to an impact of 40 ft-lb the material shall 
show no sign of cracking or chipping. 

(9g) Accelerated extraction test—The material, after having been subjected to the 
accelerated extraction test described below shall have a tensile strength of not less 
than: Type A, 1000 psi; Type B, 1200 psi; and an ultimate elongation of both types 
of not less than 200 percent. 

(h) Stability in “effect of alkalies test””—The material, when tested in accordance with 
the effect of alkalies test described below shall have an increase in weight of not more 
than 0.25 percent at 7 days and not more than 0.40 percent at 30 days. 

Material which exhibits a decrease in weight of more than 0.10 percent at 7 days or 
0.30 percent at 30 days will be considered to have failed. 

After 30 days immersion, the dimensions of the sample shall not differ from those 
of the original sample by more than 1 percent. After 7 days of immersion the Shore 
Durometer (Type A) reading of the sample shall not differ by more than + 5 from 
the reading on the original sample. 


Methods of test 


Test specimens—Specimens for all tests, except as otherwise specified, shall be cut from 
sheets 46 to 4 in. thick supplied by the manufacturer. _ Specimens shall be of the shape and 
dimensions specified in the individual test methods. 

Test conditions—Tests shall be conducted in a standard laboratory atmosphere of 70 to 
_ 75 F and 50 + 2 percent relative humidity, unless otherwise specified in the testing methods 

or in these specifications. 

(a) Tensile strength and (b) ultimate elongation—The tensile strength and ultimate elon- 
_ gation shall be carried out on both the sample as received and also on a sample which has 

_ been subjected to the accelerated extraction test described in (g) below in accordance with 
ASTM D 412-51T “Tentative Method of Tension Testing of Vulcanized Rubber,” using 
Die C, The results shall be based and reported on the average of a minimum of five tests. 

(c) Tear resistance—The “Standard Method of Test for Tear Resistance of Vulcanized 

__ Rubber” (ASTM D 624-48), using Die B shall be followed. 
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@ Stiffness in flerure—A specimen 1 in. in width and 2 in. in length shall be fixed in a 
vise, having jaws of the smooth flat type, with one half of the length of the specimen free 


of the jaws. The vise shall be fixed to a suitable base and placed in a universal testing 


machine. The specimen shall be subjected to loading as a cantilever beam with the point of 
loading at a position 14 in. from the face of the vise jaws. A loading head of greater width than 
the specimen and of suitable length shall be used to apply the load. The loading head should 
be of 1 in. material and shall be braced to prevent any flexure under load. The loading 
face of the head shall be ground to one side to form a knife edge and sufficiently rounded to 
prevent gripping of the specimen material by the head. The rate of loading shall be 0.2 in. 
per min. The stiffness in flexure shall be determined from the material load-deflection char- 
acteristics, using the following formula: 


Where 


stiffness in flexure, psi 

= applied load, lb 

span length, 0.25 in. 

= deflection under applied load, in. 

= moment of inertia for specimen section, in.* 

The results shall be based on the average of at least three tests. 

(e) Cold bend—A specimen of the material 1 in. wide and about 6 in. long shall be sub- 
jected to a temperature of — 20 F for 2 hr. On removal from the cooling chamber the 
specimen shall be immediately bent 180 deg around a rod of 4 in. diameter with enough 
force to hold the specimen in intimate contact with the rod. The tests shall be carried out 
on at least three specimens and the results reported on each individual specimen. 

(f) Impact resistance—A 4- to 6-in. length of the finished waterstop shall be fixed in a 
horizontal position in the jaws of a vise or by other suitable means. One half of the width ” 
of the material shall project free of the jaws. The vise shall be fixed on a base in such a 
manner so as to provide a vertical clearance of 5 in. between the specimen and the top surface 
of the base. The assembly shall be placed in a cooling chamber having forced circulation and 
subjected to a temperature of — 20 F for 3 hr. 

Without removing the assembly from the cooling chamber, an 8-Ib ball or weight shall 
then be dropped freely from a height of 5 ft so as to strike the projecting portion of the speci- 
men squarely. The height of drop shall be measured from the top surface of the specimen 
to the bottom of the ball or weight. The tests shall be carried out at on least three speci- 
mens and the results reported on each individual specimen. 

(g) Accelerated extraction test Five tensile test specimens conforming to the shape and 
dimensions given in ASTM D 412-51T, using Die C, shall be cut from the sample submitted 
and the group weighed to the nearest milligram. The specimens shall be placed in a 1-l tall- 
form beaker with spout. The beaker shall be filled within 2 in. of the top of the beaker with 
a solution made by dissolving 5.0 g of chemically pure sodium hydroxide and 5.0 g of chemic- 
ally pure potassium hydroxide in 1 1 of distilled water. The specimens shall be completely 
immersed and the top of the beaker covered by a clock-glass. The beaker shall then be placed 
in a constant temperature bath which shall maintain the temperature of the solution between 
140 and 150 F. A 4 in. diameter glass tube shall be inserted into the spout of the beaker: 
to within 14 in. of the bottom of the beaker. Air shall then be gently bubbled through the 
solution at the rate of about 1 bubble per sec. The solution shall be changed every 24 hr, 
the new solution being warmed to 150 F before replacing the old. 

Once daily, each of the five specimens shall be removed from the beaker (preferably at _ 
the time of renewing the solution) and shall be rinsed lightly with-distilled water. Each 
specimen shall then be superficially dried by means of a clean cloth. Ten min after the speci- 
mens have been thus dried the group of five specimens shall bé weighed and the weight re- 
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corded. The sequence of testing shall be carried out continuously for not less than 14 days, 
after which, provided they have reached constant weight, they shall be tested for tensile 
strength and elongation. Under no circumstances, however, shall the specimens be tested 
for tensile strength until they have reached constant weight. Constant weight is assumed 
to have been obtained when three successive daily readings do not differ from one another 
by more than 0.05 percent of the original weight. 

(h) Test on the effect of alkalies—A specimen, not more than Y4 in. thick weighing about 
150 g, shall be cut from the sample supplied. Its dimensions to the nearest 0.001 in. and 
weight to the nearest milligram shall be recorded. The durometer reading, using the Shore 
Durometer (Type A), shall be taken in accordance with ASTM D 676-49T. 


The specimen shall be completely immersed in a freshly made solution containing 5.0 g 
of chemically pure sodium hydroxide and 5.0 g of chemically pure potassium hydroxide per 
liter of distilled water, kept at 70 to 75 F. The solution shall be replaced by a similar fresh 
solution at a similar temperature every 7 days. At the end of 7 days the specimen shall be 
removed, rinsed with distilled water, and the surfaces wiped with a clean cloth. The di- 
mensions, weight, and durometer hardness shall be measured and recorded. The specimen 
shall be reimmersed for 23 days, at the end of which time the dimensions, weight, and duro- 
meter hardness shall again be measured. At the age of 7 and: 30 days any changes either in 
weight or dimensions shall be recorded as a percentage of the weight and dimensions of the 
original sample. 


Nonstandard tests 


The supplier is advised that certain additional tests which cannot be described as standard 
may also be carried out by the Commission on the finished waterstops. These particular 
tests are intended to further evaluate the cold weather handling properties and to assess the 
watertightness in concrete under various hydrostatic heads and at various joint openings. 
For example, one such test of flexibility of the waterstop under cold weather conditions is as 
follows: 

A full width sample of waterstop 4 ft long and a 12 in. diameter mandrel shall be cooled 
in a refrigerator for a minimum of 3 hr at a temperature of — 10 F. After this period and 
while at this temperature, the material shall be sufficiently flexible to allow bending it by 
hand around the 12 in. diameter mandrel in not more than 4 sec. 
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L-connectors and straight studs were tested in push-out 
specimens to get data on the fatigue behavior of stud 
shear connectors. Specimens were also tested under static 
loading. Based on these and previous tests, criteria are 
suggested for the design of composite beams with Ya -in. 
L-connectors. 


Fatigue and static strength 
of stud shear connectors 


By BRUNO THURLIMANN 


IN AN EARLIER PAPER, “Composite Beams with Stud Shear Connectors,’’? 
the results of a laboratory investigation on a 32-ft span composite beam 
bridge were- reported. After completion of these tests it was realized that 
additional information—particularly on the fatigue behavior of stud shear 
connectors—was highly desirable. For this reason a series of further tests 


were conducted. 
TEST SPECIMENS 


The specimens were of the push-out type. Such specimens have been used extensively 
in this country” and abroad? for determining the static strength of shear connectors. As 
-shown in Fig. 1, a specimen consisted of an 8 WF 40 section framed by two concrete slabs. 
Four shear connectors were welded to each flange of the WF beam. Substantial reinforce- 
ment was placed in the slab, similar to the reinforcement of a deck slab in an actual compo- 
site beam bridge. 

Three different types of specimens were used. Five specimens with }4-in. diameter L- 
connectors 214 in. high (Fig. 1, Detail A) had flat concrete slabs. Transverse reinforcing 
bars were placed into the bend of the L-connectors as indicated in Fig. 1. Straight studs 
(Fig. 1, Detail B) were used in three specimens of equal geometric proportions, the trans- 
verse reinforcement crossing in front of the studs. In the two haunched specimens with 
3 in. deep haunches at 45 deg (Fig. 1) no connection existed between the L-connectors and the 
slab reinforcement. Table 1 lists the specimens and indicates the loading condition under 
which they were tested. 

The specimens were fabricated as follows. The 8 WF 40 section was of A-7 steel. Stud 
material met the requirements of ASTM A 15-54T. The mechanical properties corresponded 
to the ones reported in Reference 1. Slab reinforcement was A 305 deformed bars. Both 
the L-connectors and stud connectors were ‘‘solid fluxed.”” No special preparation was given 
to the flange surface of the beam prior to welding. All specimens were cast at the same time 
in the same upright position as they were subsequently tested. Ready-mixed concrete with 
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TABLE 1—DESIGNATION OF SPECIMENS 
: } Stud . 
BEANO blab Hs 5 "| Diameter, | Height, Loading 
Number Type ) in. in. 
iF 8 Straight —*| % 4 Static 
2 Hor nched 8 + ecient ) is 2% Static 
3 ‘la 8 L-connector 2% | Statice 
seth ae L-c to 2 Cycli 
5 | Jet 8 ee eee oie Cyclic 
6 Flat 8 | L-connector lg 24% Cyclic 
7 Flat 8 | L-connector 4 24% Cyclic 
8 | Haunched 8 | L-connector % 24 | —_Cyelie 
9 Flat 8 Straight | 4 Cyclic 
10 Flat 8 Straight ) 34 | 4 | Crate 


a maximum aggregate size of 1 in. was used. Concrete was compacted with a mechanical 
vibrator. Concrete strength was checked on ten cylinders at appropriate intervals (Table 2). 


FATIGUE TESTS 


Fig. 2 illustrates the test set-up for fatigue loading. The testing frame 
was erected with standard parts of the fatigue testing installation at Fritz 
Engineering Laboratory. The concrete slabs of a specimen rested on a 44 


in. thick plywood panel to obtain a uniform distribution of the reactions © 
from the floor. For the haunched specimens only the slab proper was sup- ° 


ported on the panel, the haunch itself being free. A hydraulic jack with 
spherical seats at each end applied an axial load to the WF beam of the spec- 


- imen. Cyclic loading at a frequency of 500 cycles per min was produced by 
an Amsler pulsator. During testing the maximum and minimum load levels 


were automatically kept constant at the preselected values. The hydraulic 
measuring device allowed the determination of the load within an accuracy 

of 2 percent. 
Instrumentation consisted of two dial gages only, measuring the relative 
slip between the slabs and the steel 


TABLE 2—STRENGTH OF CONCRETE —_ beam at two diagonally opposite flange 


Cyn Rie hguine teh. Lp | Binieath tips. A special device, shown in Fig. 
0. 


days psi 3, was developed such that the gage 

: eb on Pong ce ake recorded the maximum slip only. 

9 6 2970 ~=—- Piece (A), holding the dial gage, was 
Average 2810 mounted on a %-in. diameter steel 

3 29 6270 bar (B) imbedded in the concrete 

a 4800 slab. The L-shaped piece (C) was 

6 29 5360 held against piece (A) by two screws 
Average 5080 and spring washers. A flat. bar (D), 

q ri an being welded to the steel beam, fol- 

2 41 5930 lowed its movement during cyclic 

F Average 8030 loading. As slip increased the L-piece 
| (C) was progressively pushed down- 
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Fig. 1—Details of test specimens 
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Fig. 2—Set-up for fatigue testing Fig. 3—Slip measuring device 


ward such that the dial gage recorded the maximum amplitude only. The- 
simplicity and reliability of the device was evident during actual operations 
and lead to satisfactory results. 

No further instrumentation, and especially no strain measuring devices, 
were incorporated. It was felt that strain measurements on the studs were 
practically impossible. Furthermore, even if such measurements could be ac- 
complished successfully, their use would be of rather limited value for it is 
sufficiently recognized that the fatigue and static strength of any connection 
cannot be established on the knowledge of a local peak stress but depends 
on the general conditions in the immediate vicinity. 

Seven specimens, No. 4 to 10, Table 1, were tested in fatigue. The individ- 
ual results are partially represented graphically in Fig. 4 to 8. For instance, 
Specimen No, 4 (Fig. 4) with 14-in..L-connectors was tested under load cycles 
varying between a maximum load Py, = 35,000 Ib and a minimum load — 
Pnin = 4500 lb. These limits corresponded to average shearing stresses on 
the eight connectors of v,, (max) = 22,290 psi and v,, (min) = 2870 psi, respect- 
tively. These values were obtained by dividing the applied load by the total 
cross-sectional area of all studs. 

As seen from Fig. 4 the slip increased steadily with the number of load 
cycles and started to develop at an increased rate at about 150,000 cycles. 
Fracture of the studs occurred after 223,200 eycles. The slip measurements 
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of dials I and II indicated almost equal slip over the entire test. However, 
a check of Fig. 5 to 8 reveals that in general a considerable difference de- | 
veloped in the two slip measurements, indicating that the connectors on one 


RUMP re ee Ny bee 


RT ES ee 


ee oP et eS 


ee a 
Ae a ne ’ ‘aio 
ABS is : 


STRENGTH OF STUD SHEAR CONNECTORS 1291 
side of the specimens experienced greater damage. Similar, but slightly less 
pronounced differences, developed in the static tests. 

Test No. 8 on a haunched specimen (Fig. 6) deserves special mention. 
The initial loading producing a maximum average shearing stress Us¢ (max) = 
13,370 psi and a minimum stress Us; (min) = 1910 psi, respectively, was kept 
constant over one million cycles. As no failure occurred and the average 
slip amounted to 0.00115 in. only, the load was increased in three consecutive 
steps. Failure finally took place at a stress s¢ (max) = 22,290 psi and a total 
2,815,000 cycles. 

Under the testing conditions, illustrated in Fig. 1 and 2, fatigue cracks 
started from the lower side of the studs. In general a crack initiated at the 
reinforcement of the weld and developed a concave depression toward the 
beam, even removing some of the beam material. The failure surface of the 
studs showed a rounded shape. The typical crystalline texture of a fatigue 
fracture was apparent in the lower part. However, the upper region revealed 
marks of repeated impact, probably at the point of final fracture. The con- 
crete surrounding the studs showed only local damage; around the base of 
the studs it was completely pulverized and could be blown out leaving a 
clearance of about 0.01 in. 

Specimens No. 7 and 8 developed a fatigue fracture not only at the base 
of the studs but also approximately 34 in. above the base. A possible failure 
mechanism is sketched in Fig. 9. The first fracture developed at the base 
of the stud. “After considerable cracking the stud was still held in the con- 
cavity of the beam material. Under these conditions the bending moment 


= — 


_y_ {Failure 2.232x10° 


a 


1x10° 


NUMBER OF GYCLES 


SPECIMEN 4 


Stud $ 1/2" 
Flat Slab 
Age 27 Days 
Cyclic 
Vay (max) = 22.3 KSI 


Vay (min)= 2.9 KSI } 


Dial II Dial I 


300 400 


500 600 700 
SLIP IN INGHES x 10° ; 


200 


Fig. 4—Fatigue tests: Specimen No. 4 
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Fig. 5—Fatigue tests: Specimen No. 7 


at the base of the stud was greatly reduced and a new maximum developed, 


as indicated in Fig. 9(B), causing ultimately the second fracture. It should - 


be mentioned that both specimens, having L-connectors, were tested at 
relatively low stresses, sustained 1,748,000 and 2,815,000 cycles, respectively, 
and developed comparatively little slip prior to failure. 

All fatigue results are summarized in Table 3. Table 3 also lists the fatigue 
strength of the L-connectors at 100,000; 600,000; and 2,000,000 eycles. The 
derivation of these latter values are discussed on p. 1296. 

A direct comparison between specimens with L-connectors (Fig. 1, Detail 
A) and straight connectors (Fig. 1, Detail B) was performed at the two stress 
levels of v,, (max) = 22,290 psi and v,, (max) = 15,600 psi, respectively. As 
seen from Fig. 4, 5, 7, and 8 and Table 3, the straight studs exhibited a lower 
fatigue strength than the L-connectors, the ratio of the number of fatigue 


TABLE 3—RESULTS OF FATIGUE TESTS 


: Maximum Minimum Cycles | Fatigue strength, psi 
Specimen Stud stress, * to or | 
: No. type psi failure S00, 000 Seo,000 2,000,000 
4 L-connectors 2900 223,200 24,200 18,800 17,900 
5 L-connectors 4 2200 134,200 18,300 15,400 13,600 
6 L-connectors . 2200 261,000 19,700 16,400 14,500 
7 L-connectors A 1900 1,748,000 20,500 17,300 15,400 
LS) Giese | || Average “| 20,700 | 17,000 | 15,400 
8 L-connectors | 22,300t | 4800t | 2,815,000 | —— | —— | —— 
9 | Straight 22,300 ano. 4] ang. any oases oe oe ok Soh 
10 Straight 15,600 1700 474,000 — ae | —— 


a. : ee a ne 
*Load divided by cross-sectional area of all studs. 
tFor final 825,000 cycles (compare Fig. 6). 
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cycles being 169,400/223,200 = 0.76 and 474,000/1,748,000 = 0.27 at the 
two stress levels, respectively. This behavior may be explained qualitatively 
by the following reasoning. The smaller 14-in. diameter L-connectors in- 
troduce smaller local stress concentrations in the concrete. It is generally 
recognized that the ability of concrete to sustain such loading conditions 
inereases the more localized they are. Secondly, the bearing pressure of the 
studs on the concrete is about inversely proportional to the stud diameter. 
However, the stud force varies with the square of the diameter such that 
heavier studs produce higher bearing pressures. Finally, the hook of the L- 
connector produces a mechanical wedging action. The concrete, pressed 
against the connector, is prevented from escaping vertically by the hook. 
This results in an increased vertical pressure against the steel beam and con- 
sequently an increased friction. The upset head of a 4 in. high straight 
connector does not produce such action to a similar degree. 

Comparing the behavior of the haunched specimen, No. 8, with 14-in. 
diameter L-connectors and the flat specimens carrying the same connectors 
the former showed at least equal if not superior performance (Fig. 5 and 6). 
It should be remembered that the L-connectors were only 214 in. high where- 
as the haunch was 3 in. deep. Furthermore, no connection was provided 
between the slab reinforcement and the studs. At the final failure load P = 
35,000 lb the average concrete shearing stress v, in the haunch at an elevation 
equal to the height of the studs reached 58 psi. There was no indication of 
any cracking in the haunch of the concrete slab during the entire test. 
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Fig. 6—Fatigue tests: Specimen No. 8 
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STATIC TESTS 


One of each of the three types of specimens was tested under static loading. 
The specimen was placed in a standard hydraulic testing machine. Relative slip 
between the steel beam and the concrete slab was recorded by four dial gages 
located at the four flange tips of the WF beam. The loading was increased 
in steps. At appropriate levels the load was kept constant. After a waiting 
period to get the deformation stabilized, slip readings were taken. At high 
loads the waiting period increased to about 5 min. 

Results of the three tests are plotted in Fig. 10 to 12, showing the average 
slip recorded by the four dials versus the average nominal shearing stress of 
the studs, the latter being the load divided by the cross-sectional area of all 
studs. For Specimens No. 1 and 2 the difference between the four individual 
slip readings did not amount to more.than +20 percent. However, for Spec- 
imen No. 3 it increased over 100 percent for high loads. It should therefore 
be recognized that not only under fatigue loading but also under static con- 
ditions a considerable spread must be expected between individual slip read- 
ings. Approaching ultimate load, the loading speed showed a marked in- 
fluence on the value of the load itself. For this reason not too much signifi- 
cance should be attributed to the recorded ultimate load. Its value does not 
have any bearing on the design of shear connectors anyhow. 


_ Fig. 12 also shows the end slip measured on the bridge specimen with -in. ° 


diameter L-connectors reported in Reference 1. The curve presents the 
average of the slips on the southeast and southwest end plotted in Fig. 8a 
and 8b of that report. The correspondence with the curve obtained from 
push-out Specimen No. 3 is fair. It therefore may be concluded that the 
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Fig. 8—Fatigue tests: Specimen No. 10 


push-out test produced essentially the same conditions as normally exist 


in actual composite beams. 

The relative behavior of 34-in. diameter, 4 in. long straight studs and 1-in. 
diameter, 2!4in. high L-connectors can be judged by comparing Fig. 10 and 
12. Specimen No. 3 with the 14-in. L-connectors showed a higher stiffness 
and less residual slip and hence confirmed similar findings.’ A qualitative ex- 
planation can be given using the reasoning previously applied to explain the 


(B) SECOND FRACTURE 


fe 


(A) FIRST FRACTURE 


BWF40 


Vv 


v 2nd FRACTURE 
w( ho seen’ Gont wos 
1st FRACTURE 2 


— mowenT 
< DIAGRAM 
Fig. 9—Failure mechanism for studs of 2) 


Specimen No. 8 


~ 


Pre Oe eS © 


Zz + a tee = 


qe 6 GA? 


1296 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1959 


superior fatigue behavior of these connectors. The smaller stress concen- 
trations, the lower bearing pressures, and the wedging action produced by 
the L-connectors improve their performance. 

No appreciable difference developed between haunched Specimen No. 2 
and flat Specimen No. 3 with 4-in. L-connectors up to 0.05 in. slip. The 
difference in the ultimate load is of no significance as this load does not enter 
into design considerations. At the failure load P = 116,000 lb of haunched 
Specimen No. 2 the average concrete shearing stress v. in the haunch at an 
elevation equal to the height of the connectors was 192 psi. It should be 
mentioned that in the test only the slabs were supported leaving the end of 
the haunches completely free. 


EVALUATION OF RESULTS 
Fatigue considerations 

An attempt is made to delineate the fatigue strength of 14-in. diameter 
L-connectors and to suggest allowable values under working conditions which 
may be used as a basis of discussion for specification writing. 

The fatigue test results obtained establish specific values of fatigue strength 
at preselected stress levels. To obtain the fatigue strength corresponding to 
a given number of cycles, recourse to some extrapolation procedure is nec- 
essary. Assuming the relationship 


f = S(N/n} 


ou 
o 


n 
o 


SPECIMEN 


Stud @ 3/4" 
Flat Slab 
Age 28 Days 
Static Load 


AVERAGE SHEAR STRESS (KS!) 


200 300 400 500 600 700 
SLIP IN INGHES x 104 


Fig. 10—Static tests: Specimen No. | 
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applies,®'* where S is the stress at which a given specimen failed after N 
cycles, n is the number of cycles for which the fatigue strength f is desired, 


‘and k is an experimental constant, the value of f can be computed. The 


parameter k corresponds to the slope of a straight line which averages the 
individual test points in a logarithmic 5-N diagram. From the results ob- 
tained on specimens with L-connectors and flat slab, Specimens No. 4 to 
7, a value of k = 0.10 was established. This value is in the range of corres- 
ponding values obtained from fatigue tests of welded joints. Using the above 
equation the fatigue strengths for 100,000; 600,000; and 2,000,000 cycles of 
Specimens No. 4 to 7 have been calculated and are listed in Table, da: the 
average values of the four results are as follows: 


100,000 cycles: fio0,000 = 20,700 psi 
600,000 cycles: feo0,000 = 17,000 psi 
2,000,000 cycles: fo,000,000 = 15,400 psi 


representing the fatigue strength of 14-in. diameter L-connectors for the 
corresponding number of cycles. The connector force producing failure is 
obtained by multiplying the cross-sectional area of the stud by the fatigue 
strength f. Remembering that in testing the minimum load amounted to 
about 12 percent of the maximum load, the above values are considered to 
be representative for zero to full load cycles also. 

Allowable values under working conditions can be derived if the number 
of load cycles and the margin of safety are specified. No such criteria against 
the possibility of fatigue failure presently exist for any type shear connectors. 
However, as the connectors are welded to the steel beams it seems to be rea- 
sonable to follow the approach of “Standard Specifications for Welded High- 
way and Railway Bridges” of the American Welding Society’ for the design 


‘of welded connections. Article 208 and Table I of that specification dis- 


tinguish three types of loading for highway bridges depending on their length. 
The most severe conditions are produced by a “short critical loading (not 
more than two panels or 60 ft of loaded single lane).” The corresponding 
recommendations are based on an occurrence of 600,000 repetitions of full 
loading. The margin of safety incorporated into the allowable stresses de- 
pends on the type and orientation of the welds and is not constant. Appendix 
A of Reference 7 and reports of fatigue results® may be consulted for further 
information. 

As composite beam bridges are generally used for shorter spans it was felt 
unnecessary to make any distinction between different loading cases in ar- 
riving at allowable values for shear connectors in fatigue. It is therefore 
proposed to use the most severe condition of 600,000 repetitions as a basis. 
Furthermore, on a comparative basis with the safety margins provided for 
welded joints, a safety factor s = 1.25 against fatigue is selected. Using ~ 
these two criteria the allowable connector force for a %-in. diameter L-con- 


nector under zero to full load cycles is 
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fake s A x fo00, 000 Le 0.196 x 17,000 2 2700 lb 
8 1.25 


Where: A = 0.196 sq in. = cross-sectional area of stud 


Sooo,000 = 17,000 psi = fatigue strength of L-connector for 600,000 load cycles 


s = 1.25 = factor of safety against fatigue 

The results obtained on the bridge specimen! give further support to the 
above value of Q.i. Under 1,000,000 cycles of design live load each stud 
was subjected to 2060 lb (see Table III, Reference 1); under a further 290,000 
cycles of 125 percent live load the stud force was increased to 2580 lb. Even 
the final 250,000 cycles of 150 percent producing a connector force of 3090 
Ib did not result in any fatigue. It may therefore be concluded that Q,1 = 
2700 Ib presents a reasonable design value including a sufficient margin of 
safety against fatigue failure. 

In actual bridges the shear acting on the connectors may not only vary 
between zero and a maximum value but reverse its direction. No tests under 
such alternating loading have been performed. However, it must be expected 
that such conditions will lower the fatigue strength of a connector to a similar 
degree as in welded joints. Following the approach used in “Standard Spec- 


ifications for Welded Highway and Railway Bridges”? for welded joints, . 


the allowable connector force Q.1, could be made subject to the ratio maximum 
to minimum connector force. 


No data are available concerning the influence of concrete strength on fa- 
tigue behavior of L-connectors. Average concrete strength of the push-out 
specimens at the age of testing (average age 32 days) reached about 5300 psi 
(Table 2). For the bridge specimen the corresponding values were 37 days 
and 3400 psi (Reference 1: Table I and appendix, Table B). The latter 
figures suggest that a minimum specified cylinder strength at 28 days, f,’ = 
3000 psi, is sufficient to insure the necessary fatigue strength. 


Static considerations 


Considering the useful static capacity of the L-connectors, Specimens No. 
2 and 3 give additional support to the recommendations made in Reference 
1. At a stress v,, = 38,000 psi the slip curve for Specimen No. 3 (Fig. 12) 
shows a definite break. The corresponding residual slip, as estimated from 
the figure, reached about 0.003 in. The slip curve of haunched Specimen 
No. 2 (Fig. 11) exhibits a somewhat less pronounced increase in slip at the 
same stress level. The increased residual slip of 0.007 in. should have no in- 
fluence on a satisfactory performance, Multiplying the above stress by the 
cross-sectional area of an L-connector produces the connector force Q = 
38,000 X 0.196 = 7450 lb. This corresponds closely to the Q = 7310 lb de- 
termined on the bridge specimen as governing the useful capacity of L-con- 
hectors in accordance with the appropriate criteria on which the provisions 
for shear connectors of the AASHO specifications’ are based.® 


——— 
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In the tests reported here and in Reference 1 no explicit attempt was made 
to establish the dependence of the useful connector capacity on the 28-day 
cylinder strength, f.’, of the concrete. In Reference 2 an empirical relation- 
ship using Vf has been proposed. The experimental evidence given is based 
on a strength variation of up to 550 psi only and shows considerable scatter 
(Reference 2, Table 4, p. 885). Reasoning that the influence of the con- 
crete strength on straight studs and L-connectors should be similar, it was 
felt that for the time being a variation with vf.’ should be used pending fur- 
ther experimental evidence. 


Slab with haunches 


The use of the relatively short 214 in. high L-connectors in conjunction 
with haunched slabs requires some special considerations. Depending on 
the shearing stresses present at a section through the top of the studs (214 
in. above the top flange of the steel beam) shear reinforcement of the haunch 
may or may not be required. The haunched Specimen No. 2 withstood an 
average concrete shearing stress ve = 192 psi at static ultimate load whereas 
Specimen No. 8 carried a stress v. = 58 psi under fatigue at the failure of 
the studs. In the design of the haunches the appropriate requirements cov- 
ering the web reinforcement of reinforced concrete members should be fol- 
lowed. If reinforcement is necessary it should be anchored to the L-connectors. 


In design, stresses produced by shrinkage and plastic flow are usually neglected. © 


However, it is known that these effects may cause relatively large shearing 
forces at the ends of composite beams. A nominal amount of reinforcement 
of the haunches at the beam ends should be provided even if not required 
by the shearing stresses due to dead and/or live loads. It will prevent the 
development of possible shrinkage cracks along the haunch. 


DESIGN RECOMMENDATIONS 


Supplementing the recommendations of Reference 1 by the considerations 
presented in this paper, the following summary is presented for the design of 


composite beams with '4-in. L-connectors, 


Bridge design 


1. The geometric shape of the connector is shown in Detail A, Fig. 1. 


2. The hook should preferably be oriented against the direction of the 
horizontal shear (toward middle for simple beams). 


3. The useful static capacity of the shear connector in pounds is given by: 


Que = 120 Vf’ 


- Where f,’ = 28-day cylinder strength of concrete in psi. 


The resistance value at working load is obtained by dividing Q,. by the 
appropriate safety factor.* 


*See Article 1.9.5, Reference 8. 


t 


ere 
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4. To insure a sufficient margin of safety against fatigue the allowable 
maximum connector force, Qai, produced by live load (or dead load plus live 
load in case of shoring of steel beams) should be limited to 


Qau = 2700 lb 


The concrete at 28 days should have a minimum strength of 3000 psi. 


5. If the slab is provided with haunches the shearing stress in the con- E 
erete at the height of the upper ends of the connectors should be checked. 
Reinforcement of the haunches, if necessary, should be provided in accordance 
with the applicable requirements for the web reinforcement of reinforced 
concrete beams. 


Building design (primarily static loading) 


1. The useful capacity of the shear connector in pounds is 


Que = 120 ¥ fc’ 
2. The allowable maximum connector force under the specified working 


loads is 


Qa = % Que = 60 Vi fi 
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Effect of Powdered Minerals 
and Fine Aggregate on the 
Drying Shrinkage of Portland Cement Paste 


KENNETH M. ALEXANDER and JOHN WARDLAW 


MM OTHE EXTENT TO WHICH FINE AGGREGATE and powdered minerals of cement fineness affect the 
drying shrinkage of portland cement paste was studied under a wide range of conditions. The 
water and powdered admixture contents of the paste were varied both separately and simulta- 
neously, and the effect of gradually increasing the size of the powdered mineral grains until the 
admixture became an aggregate was studied. Results show that if the portland cement in a paste 
is partially replaced by powdered basalt, of cement fineness, and at a constant water-(cement -+ 
admixture) ratio, the effect on drying shrinkage represents a balance between the individual con- 
tributions arising from the simultaneous changes in the water-cement and admixture-cement ratios. 
An equation is given which relates both shrinkage and strength changes to changes in the water and 


admixture contents. : 

When the effect of aggregate on drying shrinkage is considered in terms of the elastic constants 
of the embedded particle and the surrounding medium, some distinction should be made between 
the restraint imposed by rock particles small enough to fit between individual clinker grains, and 
that imposed by the same volume of rock in the form of grains or pebbles large enough to displace 


whole zones of clinker grains. 


Dryinc SHRINKAGE of portland cement paste depends on the pro- 
portion of mixing water used, and on the length of time during which water 
loss is restricted by curing. Also the magnitude of the shrinkage caused by 
subsequent drying is changed if the hardened mass contains not only cement 
and water, but particles of rock. As the proportion of rock changes, drying 
shrinkage also changes. Would shrinkage be modified to the same extent if 
the same proportion of rock could be introduced in the form of fine dust, at 
the same ratio of water to portland cement? What if the fine mineral powder 


admixture were pozzolanic? « 

Although any one of the factors mentioned can change ultimate drying 
shrinkage, an additional complication arises in practice since several factors 
tend to vary simultaneously. For instance, if cement is partially replaced 
by mineral powder, it is unlikely that the water content of the mix could be 
reduced. Under these conditions not only is cement displaced by small par- 
ticles of rock, but the ratio of water to portland cement is increased simultane- 
ously. 

The present study of drying shrinkage was made for three reasons: first, 
to measure the extent to which shrinkage is modified when the factors defined 


- above are changed one at a time, and under the same experimental conditions; 


second, to see if the change caused by altering more than one factor at a 
time is a simple combination of the way in which each factor, operating singly, 
would have influenced drying shrinkage; and finally, to find if a gradual or a 
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sudden change of behavior occurs between different factors. For example, 
when the particle size of fine aggregate used in a mortar is progressively re- 
duced until the added material becomes virtually a mineral powder, the project 
which started as a study of “effect of aggregate” becomes a study of “effect 
of mineral powder.” 

Considerable background for the present investigation is provided by in- 
formation published in connection with the drying shrinkage of straight 
portland cement pastes, mortars, and concretes. A representative selection 
of such work is reviewed in the Symposium on Shrinkage and Cracking of 
Cementive Mater ials,! published by the Society of Chemical Industry. Other 
general studies and reviews have been compiled by L’Hermite,? Giertz- 
Hedstrom,*? and Hummel.‘ In addition, the effect of aggregate on drying 
shrink age has been considered by Carlson’ and Pickett.*® 

By comparison with the work on straight cement, relatively few studies 
have been made in which the drying shrinkage of cements blended with min- 
eral powders forms the major part of the project. L’Hermite et al.’ and 
Duntron® have given considerable attention to the question of the drying 
shrinkage of portland cement blended with inert mineral powders, while 
Davis et al.®° have studied the drying shrinkage of cements blended with 
pozzolans. 


MATERIALS AND METHOD OF TEST 
Method 


Drying shrinkage measurements were made on 1-in. square bars with 5-in. gage length. 
Specimens were mixed individually with a trowel, water being added from a burette. The 
air contents of the bars were found to be negligible. An initial curing period of 24 hr was 
completed in the molds which were stored in closely fitting air tight cans. Specimens were 
subsequently cured under water at 73 + 2 F for 7, 28, 90, and 180 days. After removal from 
the curing bath the specimens were stored in a vacuum over silica gel at 73 + 2 F. The 
bars were taken from the desiccator and measured with a dial gage comparator at intervals 
until shrinkage and weight loss ceased, usually after 3 to 5 months, although readings were 
continued up to 1 year. A minimum of four specimens was used for each series investigated. 
For the purpose of comparison extra specimens, which had been cured under water as de- 


scribed above, were subsequently allowed to dry in the air of a laboratory under conditions 
of varying humidity. 


Materials 


In all experiments with straight portland cement paste, or portland cement paste mixed . 


with fine aggregate or basalt. powder, a low alkali (NazO less than 0.6 percent) cement com- 
plying with the Australian Standard Specifications for Type C (low heat) cement was used. 


The hypothetical composition specified in Australia for Type C cement is given in Table 1, 


together with values calculated for the actual cement used. 

Low alkali portland cement complying with the Australian Standard Specifications for 
Type A (ordinary or normal) cement was used in experiments on portland-pozzolan blends. 
The Type A cement had a surface area of 3280 sq em per g, and the Type C cement an area 
of 3180 sq cm per g. The surface areas were determined with the Blaine air permeability 
apparatus at a porosity of 0.500 + 0.005. The ultimate drying shrinkages of the two 
portland cements were identical, within limits of experimental error. 

Fine aggregate and mineral powder were produced by crushing and ball milling coarse 
basalt aggregate from a deposit which regularly supplies aggregate for concrete work in the 
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Melbourne area. The mineral powder was milled to a surface area of 3800 sq cm per g. Size 
gradings of the fine aggregate are given in the discussion section which follows. 

The pozzolan (V17) was obtained by ball milling a reactive opaline aggregate from 
Butcher’s Ridge, Gippsland, Victoria. This material, a milky-white to brown opal, has 
been used in previous studies on reactive aggregate" and pozzolanic reactivity’. Batches 
were ground to surface areas of 3800, 8500, and 85,000 sq cm per g, the latter two areas being 
measured by the air permeability method of Carmen and Malherbe.1* 


RESULTS AND DISCUSSION 


The present investigation is essentially a study of the way in which the 
drying shrinkage of portland cement, cured under a range of conditions, is 
modified when part of the cement is replaced by various proportions of water 
and/or small particles of rock. The experimental work can be divided into 


- three main subsections as follows: 


1. Comparison between the present system of desiccation and uncontrolled air 
drying. 
2. Investigation of the effect of a number of variables on the drying shrinkage of 
specimens previously cured under water for a fixed period. The factors studied include: 
a. Displacement of cement by water alone. Illustrated by Fig. 1a. 
b. Portland cement and water simultaneously replaced by basalt powder, at 
a constant water-cement ratio (Fig. 1b). 
c. Repeat of (b), using fine aggregate in place of basalt powder (Fig. 1c). 
d. Portland cement alone displaced by basalt powder at a constant water- 
(cement + admixture) ratio (Fig. 1d). 
~e. Repeat of (d) using reactive pozzolan, milled to varying degrees of fineness, 
instead of ‘inert’? mineral powder. 


TABLE 1—COMPARISON OF CALCULATED COMPOSITION OF TYPE C CEMENT 
- USED AND AUSTRALIAN STANDARD SPECIFICATION 


ee eee Se ee 


x 


CsA, CsAF, C38, C38, S03, 
i maximum maximum maximum minimum maximum 
Gusta teers percent percent percent percent percent 
Australian ptandard ina ee ae 
ortlan - 

ae aH Nom, Roe) 8 20 - 40 = 35 2275 
Calculated composition of Type. Cc ; 
cement used in the present investigation 3 17 29 ir 46 1.85 
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f. Transitional experiments between (b) and (ec), in which the fine aggregate 
is progressively reduced in size until equivalent to mineral powder. 
3. Study of the relationship between water loss and shrinkage for pastes subjected 
to different periods of water curing, and containing various proportions of either “‘inert”’ 
or pozzolanic mineral powders. 
Comparison between experimental conditions and uncontrolled air drying 
In Fig. 2 the drying shrinkages of straight and blended portland cement 
pastes desiccated under the present conditions of experiment are compared 
with those of identical specimens left for 1 year in the air of a room ther- 
mostatted at 73 F, but without humidity control, and in the presence of at- 
mospheric carbon dioxide. In this diagram the drying shrinkages refer to 
bars previously cured under water for 28 days, and are plotted against the 
percent of cement replaced by powdered basalt, on a weight basis, at a con- 
stant ratio of water to cement + admixture (by weight). The two sets of 
conditions produce only slightly different drying shrinkages. A study of the 
way in which shrinkage progresses as drying proceeds, until values such as 
those recorded on Fig. 2 are attained, has been published by the authors." 


Dependence of drying shrinkage on-paste and mortar composition 
All drying shrinkages discussed in the six sections following apply to speci- 
mens cured initially under water for 28 days. 
Displacement of cement by increasing -the water content of the paste—When. 
the water-cement ratio of straight portland cement paste was increased (Fig. 
la), the drying shrinkage increased 
(a) i J w/PC VARIES linearly with the percentage of water 
present by volume (Fig. 3, Curve 1). 
Points on Curve | are for pastes with 
water-cement ratios of 0.15, 0.275, 


(b) o ~E beh townie 0.36, and 0.45 by weight. 


Simultaneous displacement of cement 
and water by powdered basalt—Cement 
and water were simultaneously re- 

w/Pc CONSTANT placed by basalt powder (Fig. 1b), 
producing blends with the same water- 
cement ratio, and different ratios of 
_ powdered basalt to portland cement. 

w/PC VARIES : . 
(4) ese Since the ratio of water to cement + 
_ w(nesAb) conaTa admixture decreased as the admixture 
content was increased, specimens con- 
taining higher proportions of pow- 


(-] water MM PORTLAND CEMENT 


FM Accrecare [9 MiNeRAL powoceR 2nd were therefore prepared by me- 


Fig. 1—Schematic representation of chanical tamping in the apparatus 
changes in mix proportioning described: by Alexander.%* 
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Starting with a straight 0-8 GRtORIED 0 
portland cement paste with DRIED OVER SILICA GEL. O 


a water-cement ratio of 
0.45 by weight (Point A, 
Fig. 3), and replacing 20, 
40, and 60 percent of the 
cement with an equal 
weight of powdered basalt, 
it was found that the 
shrinkages varied linearly 
(Fig. 8, Curve 2) with the 
sum of the volumes of wa- 
ter and powdered mineral 
in the paste. The higher 
the proportion of basalt 
present, the lower the 20 40 Oo 30 
shrinkage. This process of PERCENTAGE PORTLAND CEMENT REPLACED BY 
“diluting” the cement POWDERED BASALT (ON WEIGHT BASIS) 

paste with rock particles is Fig, 2—Comparison between experimental conditions 
analogous to increasing and uncontrolled air drying 

the aggregate content 

of a rich mortar, at constant water-cement ratio, a procedure which also 
diminishes drying shrinkage. Curve 2 of Fig. 3 suggests that the increased 
shrinkage often associated with the use of nonreactive powders in cement 
is caused by the increased ratio of water to portland cement, since a reduction 
in shrinkage is observed when the water-cement ratio is held constant during 
the introduction of basalt powder. Additional comment on this point is 
given later. 

Simultaneous displacement of cement and water by fine aggregate—The pro- 
cess of displacing cement and water simultaneously with fine aggregate, and 
at constant water-cement ratio (Fig. 1c), is analogous to the situation just 
described. The well known and main practical difference was that mixes 
containing a given proportion of fine aggregate were more easily compacted 
than the corresponding mixes with the same water-cement ratio, and with 


SHRINKAGE (% ) 
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the same proportion of rock particles added in the form of fine powder. 


Starting as before with a straight portland cement paste at the water- 
cement ratio of 0.45 by weight (Fig. 3, Point A), and replacing 20, 40, and | 
60 percent (by weight) of the cement with fine aggregate, a progressive de- 


crease in shrinkage was observed (Fig. 3, Curve 3). At each replacement 
~ level the shrinkage reduction was greater than that caused by introducing 


nt of the same rock in the form of mineral powder. In 


an equivalent amou 
he fine aggregate consisted of particles within the re- 


these experiments t 


4 stricted size range of — 20 + 30 mesh (U. S. standard sieve sizes). 
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PERCENTAGE OF POWDERED BASALT, BASALT AGGREGATE, 
AND WATER IN MIX (ON ABSOLUTE VOLUME BASIS ) 


Fig. 3—Dependence of drying shrinkage on water, powdered mineral, and aggre- 
gate content of pastes and mortars cured under water for 28 days 


Curve 1—Straight portland cement pastes with water-cement ratios of 0.15 to 0.45 by weight 
Curve 2—Pastes containing 0 to 60 percent (by weight of dry cement) of basalt ground to cement 
fineness. Water-cement ratio constant at 0.45 by weight. 

Curve 3—Mortars containing 0 to 60 percent, by weight of — 20 + 30 mesh basalt aggregate. 
Water-cement ratio 0.45 by weight 

Curve 4—Pastes containing 0 to 80 percent, by weight, of basalt ground to cement fineness. Varying 
water-cement ratio; ratio of water to cement -+- admixture constant at 0.275 by weight 


Displacement of portland cement by mineral powder at a constant water- 
(cement + admixture) ratio—The displacement of portland cement alone, by 
powdered basalt, and at a constant ratio of water to cement + admixture 
(Fig. 1d) approximates the conditions under which pozzolans and other. 
mineral powders are used in practice. As the proportion of cement replaced 
by mineral is raised the water-cement ratio increases simultaneously. How- 
ever, the tendency for shrinkage to increase as water-cement ratio increases 
is counteracted by the stabilizing effect of the particles of powdered mineral. 
With the basalt powder used here, and starting with a straight portland 
cement paste at a water-cement ratio of 0.275 by weight, the resultant effect 
(Fig. 3, Curve 4) was an unchanged or slightly reduced shrinkage when up 
to 40 percent by weight of the cement was replaced by admixture. At higher 
replacement levels the effect of the rapidly increasing water-cement ratio 
predominated, and caused greatly increased drying shrinkage. It is to be 
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expected that with wetter mixes the increase in shrinkage would begin at 
lower replacement levels. ; 

Since the resultant effect of replacement at constant water-(cement ++ 
admixture) ratio is due to the balance between the individual contributions 
* of the water and basalt powder, the mechanism by which shrinkage is altered 
is basically the same as that causing the accompanying changes in strength. 


For example, Alexander!* has shown that when an inert mineral powder 
as (limestone) of cement fineness replaces portland cement at approximately 
__ constant ratio of water to cement + admixture, the strength change is related 
to the change in the water content, and the level of replacement, by the 
e- expression: 
ia : logASoir = logAmoor +O 7 0... 2). ee ee. (1) 
s where 
“ AS,-r = strength change when powdered limestone content of portland cement 
as increased from 0 to & percent 
= eA = accompanying change in the ratio of water to portland cement 
a R = proportion of portland cement replaced by powdered limestone 

aandb = constants 


Within the limits of experimental error this same type of equation also 


x 


e applies to the accompanying changes in drying shrinkage when any powdered 
a mineral admixture is used. Replacing strength change AS by shrinkage 
change AS’, Eq. (1) can be written: 

ee: AS’ o_R ' 

4 log (Se) = OU EONS Wisden kN FI A Kane ao (2) 
___where a’ and 0’ are constants. 

a _ Application of Eq. (2) to cement pastes containing admixtures which 
a have been ground to cement fineness is shown in Fig. 4, where the examples 
Zs given are: 

Zz a. Powdered basalt-cement blends at a ratio of water to cement + basalt = 0.275 


by weight (from Curve 4, Fig. 3). 
b. Pozzolan V17-cement blends at a ratio of water to cement + pozzolan = 0.35 


by weight. (Data from Curve 1, Fig. 5). 


Displacement of portland cement by pozzolan at a constant water-(cement + 
pozzolan) ratio—This situation is equivalent to that described in the pre- 
ceding section and illustrated by Fig. 1d, with the difference that the powdered 
admixture was pozzolanic, and that the experiments were repeated with 
powders of more than one fineness. The ratio of water to cement + admixture 
was raised to 0.35 by weight since the equipment could not compact blends ~ 
; containing high proportions of the 85,000 sq em per g pozzolan at lower 
___ water-cement ratios. 
After a 28-day period of water curing, Pozzolan V17 ground to cement 
fineness (Fig. 5, Curve 1) affected drying shrinkage in much the same way 
ag basalt powder of similar fineness (cf. Fig. 3, Curve 4). However, sig- 

nificant departures from this mode of behavior were apparent when the 


wv 
° 


» a. 
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fineness of the pozzolan was 
increased. The first major 
change to be noted at 8500 
sq cm per g occurred at the 
replacement level of 60 per- 
cent by weight, where the 
upward trend of the shrink- 
age curve reversed (Fig. 5, 
Curve 2). On increasing 
the fineness to 85,000 sq em 
per g the reversal moved to 
the lower replacement level 
of 40 percent (Fig. 5, 
Curve 3), and took place 
before replacement led to 
any large increase’ in 
shrinkage. In _ addition, 
with this finely ground 
material, the initial range 
PERCENTAGE POWDERED MINERAL IN MIX (0-40 percent) over which 
COL ABSOLUTE, YON PhS shrinkage changed little. 
Fig. 4—Relationship between proportion of cement With replacement, was 
replaced by powdered admixture, and sein 18 absent. 
in drying shrinkage and water content. Values : : 
ea ty pastes bate while As’ /AX has As stated in connection 
been kept positive by displacing the R-axis one unit with powdered basalt, it 
is to be expected that 


increased drying shrinkage would be encountered at lower replacement 


levels when higher water-cement ratios than those used here are employed 
with pozzolans which are sufficiently fine to comply with practical require- 
ments. However, general conclusions relating to the effect of pozzolans on 
drying shrinkage cannot be drawn from the evidence presented here owing 
to the broad range of behavior patterns made possible by the widely differing 


_ reactivities and other properties of pozzolans. 


Transition in behavior in changing from powdered mineral to fine aggregate— 
Starting with straight portland cement paste, and replacing 40 percent by 
weight of the cement with particles of basalt at a constant water-cement 
ratio, a drying shrinkage of approximately 0.35 percent was obtained when 
basalt of cement fineness was used (Fig. 3, Point C). Under otherwise 
identical conditions, the same proportions of basalt in the fineness range of 
— 20 + 30 mesh (U. 8. standard sieves) reduced the shrinkage to approxi- 
mately 0.25 percent (Fig. 3, Point D). The transition between Curves 2 
and 3 was followed by studying mortars in which the fine aggregate fell 
within one of the following size ranges: — 20 + 30, — 50 + 100, — 200 + 270 


* 


» te hs 
. 
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ea KS a i SS 
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weaAtoe. 
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WEIGHT % POZZ 
IN BLEND 


mesh; 3800 sq cm per g. In 0:9 
Fig. 6 the drying shrink- 


ages of these mortars are jay Piel { 
plotted against the mean X 20 
particle diameter of the ve < ae, 
“agoregate’ and show a Vv an 


relationship which is linear, 
within the accuracy of the 0:7 
experiment. 


Pickett® has shown that 
shrinkage S in the presence 
of aggregate, is related to 
the shrinkage S, that would 
occur if no aggregate were 
present, by the equation: 


“() 
S 0-4 

= a log (+) aa) 
0:3 


where (Xe) 80 100 


PERCENTAGE POZZOLAN AND WATER IN MIX 
(ON ABSOLUTE VOLUME BASIS) 


0-6 


SHRINKAGE (7) 


Sw 8,500 cm 


0:5 


g = volume of aggregate per 
unit volume of mix 


a = a constant depending on Fig. 5—Dependence of drying shrinkage on pro- 

the elastic constants of portion of cement replaced by pozzolan of different 

the aggregate particle degrees of fineness. Ratio of water to cement + 

~ and the surrounding me- pozzolan = 0.35 by weight. Duration of water 
dium curing, 28 days 


From experiments on specimens cured 7 days under water before drying, 
Pickett found a value of a = 1.7 for water-cement ratios of 0.35 and 0.50 
by weight. If Eq. (3) is applied to the present mortars containing — 20 + 30 
mesh aggregate (Fig. 3, Curve 3), a value of a of approximately 2.4 is ob- 
tained (Fig. 7, Curve 1). Similarly, applying Eq. (3) to “mortars’’ con- 
taining “aggregate” of cement fineness, and no coarser sand particles, an 

~ q of approximately 1.0 is obtained (Fig. 7, Curve 3). The mean of these 
alues would represent a crudely graded sand containing both coarse — 


two v 
This latter value (1.7) is in agreement with that deter- 


- and fine particles. 
mined by Pickett. 
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2 It appears therefore that 
there is some difference be- 
tween the restraint im- 
posed by rock particles 
small enough to produce a 
blended cement paste by 


<<} ©) eae 

= fitting between individual 
uy . 

«sets clinker grains, and that 
Zz imposed by the same vol- 
< ume of rock in the form of 
3 200 400 600 800 


grains or pebbles which are 


large enough to displace 
Fig. 6—Relationship between drying shrinkage and whole zones of clinker 
mean diameter of aggregate particles. Aggregate : Bis 
content of mortars: 40 percent by weight of dry Seana, while at the Se cg 

cement. Cured 28 days under water at 73 F time leaving the physical 


composition of the paste 


MEAN PARTICLE DIAMETER (41) 


between the rock particles unchanged. 

The dependence of @ on the size of the fine aggregate grains may be ex- 
plained by any one of a number of possible mechanisms by which the elastic 
constants of the rock particle and the surrounding medium could apparently . 
change relative to each other when the size of the restraining particle alters. 
For example, tensile stresses at certain points in a hardened cement paste 
which is shrinking onto a large restraining pebble will be greater than those 
encountered anywhere in a similar paste which contains the same proportion 
of rock dispersed as fine particles. Since the tendency of the paste to creep 
and crack would be different in the two cases, the compressive stress exerted 
on the embedded aggregate would be different. The resultant effect is that 
a skeleton of larger aggregate particles is more effective in inducing volume 
stability when the paste dries. However, as the paste hardens with age, 
greater compressive stresses are exerted on even the smallest restraining 
particles, which therefore become more effective than previously in stabilizing 
the mass. Thus a for pastes containing basalt of cement fineness increases 
from 0.7 for specimens cured for 7 days under water (Fig. 7, Curve 4), to 


1.0 (Curve 3) and 1.3 (Curve 2) for 28-day and 90-day curing periods, - 


respectively. 


Effect of curing time 


In all experiments discussed to this point a fixed curing period of 28 days 
under water was used. The effect of increasing or decreasing the duration 
of water curing will now be considered, using data obtained with straight 
portland cement paste, and blended pastes containing 20, 40, and 60 percent 
of powdered basalt by weight of cement at a constant water-cement ratio 
of 0.45 by weight. In Fig. 8 the drying shrinkages attained by these speci- 
mens are plotted against the length of time cured under water. — 


ao te 


rere ee 


DRYING SHRINKAGE OF CEMENT PASTE 


It appears from Fig. 8 that the in- 
creased shrinkage caused by extending 


curing beyond 28 days is relatively 


small. In connection with the 28-day 
curing period it has already been 
stated (p. 1306) that simultaneous 
replacement of cement and water by 
powdered basalt, at a constant water- 
cement ratio, gives rise to a linear re- 
lationship between drying shrinkage, 
and the volume of water + powdered 
basalt in the paste. If the data from 
Fig. 8 are rearranged it will be seen 
that, within the limits of experimental 
error, linear relationships are obtained 
for all curing periods studied here 
(Fig. 9), and that the slopes of the 
lines depend on curing time. 

If all the cement and water could 
be replaced by mineral the result 
would be a solid block of dry rock 
showing no shrinkage on exposure to 
dry air. The behavior of such a ma- 
terial would be represented by Point 
A in Fig. 9. It appears that a reason- 
able series of straight lines can be 
drawn through Point A and through 
the experimentally determined values 


for shrinkage at different replacement 
The slopes of these lines depend on the duration of the curing period 


levels. 


isis 


01 0-2 0°3 


Log 

Img 
Fig. 7—Effect of aggregate grain size 
and duration of curing period on drying 
shrinkage characteristics of pastes and 
mortars. Curve 1—Mortars containing 
— 20 + 30 mesh basalt aggregate; 
cured 28 days under water. Curve 2— 
“Mortars” containing basalt “aggregate” 
of cement fineness; cured 90 days. 
Curves 3 and 4—Same as Curve 2, but 
with curing periods of 28 and 7 days, 

respectively 


in the manner illustrated by Fig. 10, and, as in the case of a (Fig. 7), slope 
changes reflect differences in the restraining influence that fine mineral par- 
ticles exert on hydrated cement blends which have been cured for different 


periods under water. 


CONCLUSIONS 


1. When the water-cement ratio of portland cement paste is increased, 
the ultimate drying shrinkage increases linearly with the percentage of water 


present by volume. 


2. If the portland cement in a paste is partially replaced by “inert” 
mineral powder such as powdered basalt, of cement fineness, and at a con- 
stant ratio of water to cement + admixture, the resultant effect on drying 
shrinkage represents a balance between the individual contributions arising 
from the simultaneous changes in the water-cement and: admixture-cement 


ratios, and is given by the equation: 


ye Me. Cade = ee 
> See 
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0-6 Fig. 8—Dependence of dry- 


ing shrinkage of straight and 
blended portland cement 
pastes on duration of water 
curing. Percentage, by 
weight, of portland cement 
replaced by basalt of cement 
fineness as _ indicated on 


curves 
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PERCENTAGE POWDERED MINERAL AND WATER IN MIX 
(ON ABSOLUTE VOLUME BASIS) 


_ Fig. 9—Effect of curing time on drying shrinkage of portland cement paste containing 
0 to 60 percent, by weight, of basalt of cement fineness. Water-cement ratio 0.45 
by weight, for all ages and admixture contents. 
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Fig. 10—Slope of graphs of “15 
drying shrinkage versus blend 


composition, for pastes cured 


under water for 7 to 180 days. 
Water-cement ratio 0.45 by 
weight 


SLOPE x 10° 
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log ASo_r = log Ato_r + a’ R + 0’ 


where 
AS'o_r = shrinkage change when admixture content of portland cement is raised 
from 0 to R percent (by volume) 
Az = accompanying change in the water-cement ratio by volume 
R = proportion of portland cement replaced by powdered admixture, on a volume 


basis 
a and b = constants 
There is a close analogy between this equation and a previously derived 
expression relating the accompanying strength changes to changes in the 
replacement level and water-cement ratio. ; 
3. On the other hand, if the portland cement is partially replaced by 
powdered basalt at a constant ratio of water to portland cement, the ulti- 


mate shrinkage decreases linearly with the sum of the volume percentages 


of water and powdered basalt in the paste. Further, if the size of the mineral 
particles replacing portland cement is increased to well beyond that of cement 
clinker grains, such replacement gives rise to a more rapid and nonlinear 
decrease in ultimate drying shrinkage, the restraining influence of the ag- 
gregate increasing linearly with the mean diameter of the particles. 

4. After a 28-day period of water curing, Pozzolan V17 ground to cement 
fineness altered the drying shrinkage of the portland cement paste in much 
the same way as basalt powder of similar fineness. Finer grinding of the 
pozzolan caused a major change in behavior, but only at high replacement 
levels. A complete change in behavior at all replacement levels was observed: 
when the pozzolan was ground to a very high surface area ‘(85,000 sq cm per g). 
5. It is shown that when the effect of aggregate on drying shrinkage is 
considered in terms of the elastic constants of the embedded particle and 
the surrounding medium, some distinction should be made between the — 
restraint imposed by rock particles small enough to produce a blended cement 
by fitting between individual clinker grains, and that imposed by the same 


~ 
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volume of rock in the form of grains or pebbles which are large enough to 
displace whole zones of clinker grains. 
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CURRENT REVIEWS 


of Significant Contributions in Foreign and Domestic Publications 


» Bridges 


Bridge deck is formed on natural 
ground—excavation follows 
Contractors and Engineers, V. 56, No. 2, Feb. 1959, 
pp. 80-83 

Describes the construction of a twin box- 
girder bridge using the natural ground as 
support. The form work and reinforcing 
steel were placed on a thin concrete slab, 
which in turn rested on the ground. This 
reduced the number of cranes and eliminated 
the need for expensive shoring and falsework. 
Other construction features are included. 


Time element dictates method of con- 
structing thin-shell arch bridge 
Contractors and Engineers, V. 56, No. 4, Apr. 1959, 
pp. 80-87 

Describes the construction techniques em- 
ployed during work on a thin-shell arch, pre- 
stressed girder bridge. The five arches, which 
comprise the central span, were supported 
by precision placed wood falsework with each 
arch supported by 170 oak piles. Each span 
was 17214 ft and had a variable arch thick- 
ness of from 20 in. at the base to 14 in. at 


_ the crown. 


Construction 


Explosive buckling of floor corrected 
in Panama lock overhaul 
Franx H. Lercunn, Civil Engineering, V. 29, No. 3, 
Mar. 1959, pp. 44-47 

The Pedro Miguel Locks of the Panama 
Canal have been under repair due to deteri- 
oration. Separation of the floor slab from 
the underlying concrete (which contains the 
filling culverts) has caused considerable dam- 


age. The undowelled horizontal construction 
joint between the lock floor and the foun- 
dation was subjected to high, unanticipated 
water pressure causing the floor to buckle 
upward in an explosive manner. The cul- 
verts, which had developed shear cracks, 
allowed this water to circulate through these 
cracks producing numerous voids along the 
outside of the culverts and under the floor. 
Article describes the repairs and the cause of 
the deterioration. 


Subaqueous tunnel as construction 
project (Unterwassertunnel als Bau- 


aufgabe) 


Bruno Hamen, VDI Zeitschrift (Disseldorf), V. 100, 
No. 28, Oct. 1958, pp. 1355-1362 


Reviewed by Aron L. Mirsky 


Survey of methods of construction of sub- 
aqueous tunnels of various types. Tilustrated 
with sketches and photographs of recently 
constructed tunnels in various countries. 


Consiruction Techniques 


Strength of brickwork laid under 


freezing conditions (in Russian) 


W. N. Sizow, Novaja Tekhnika + Peredowot Opyt w 
Stroitel’stve (Moscow), No. 1, 1958, pp. 13-17 
Reviewed by N. G. ZOLDNERS 


Method of bricklaying at freezing temper- 
atures which has been widely used in Siberia 
and other arctic areas is discussed. 

When brick is laid in freezing weather, the 
mortar. freezes before it sets. The subse- 
quent hardening of the mortar can proceed 
only during thawing periods. Softening of 
frozen mortar at thawing may cause move- 
ments in the structure. 

The height of each stage of the brickwork 
must be established for each building to in- 


A part of copyrighted JouURNAL OF THE American ConcRETE INSTITUTE, V. 30, No. 12, June 1959, (Proceedings 
V. 55.) Address P.O. Box 4754, Redford Station, Detroit 19, Mich. Where the English title only is given in a 
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sure the stability of the structure and to avoid 
shifting of the brickwork during softening 
periods. 

Stability of the brickwork can be improved 
by placing wire mesh in each of the mortar 
layers. 

Beams and columns must be tied together 
and centered carefully to avoid eccentricity 
in load conditions. ; 

Temporary shoring must be erected until 
mortar has set. The possibility of strength- 
ening the brickwork (if required) during con- 
struction work should be considered. 


Waterproofing buildings below grade 


Grayson W. Guu, Civil Engineering, V. 29, No. 1, 
Jan. 1959, pp. 35-37 


Multistory basements increase the need for 
waterproofing against high heads of ground 
water. General classifications of waterproof- 
ing discussed are integral, membrane, and 
hydrolithic. 

. Integral waterproofing is done by intro- 
ducing an admixture into the concrete before 
it is placed. Its weakness lies in shrinkage 
cracks. 

Membrane waterproofing, consisting of a 
fabric and a bitumen base applied in layers 

is theoretically sound but practical usage 

shows an eventual disintegration of fabric 
and deterioration of base. 

Hydrolithic, or ‘iron method,’ water- 
proofing is applied to walls with good results, 
and to other surfaces accessible throughout 
the life of the building. Shrinkage crack- 
ing should take place before application. 
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- Joints and cracks in concrete 


Perer L. Crrrenevt, Contractors Record, Ltd., 
London, 1958, 232 pp., 40s 


The book is essentially a practical guide 
to the use of joints in the building of sound 
structures, although theoretical considerations 
have not been overlooked. It provides a sur- 
vey of jointing materials and methods of 
construction, describes correct and econom- 
ical jointing techniques, and pays special 
attention to the diagnosis and treatment of 
faults. With the aid of more than 50 dia- 
grams and photographs this volume covers 
all types of concrete structures in which 
aes jointing problems are likely to arise, including 
buildings, water-retaining structures, pave- 
ment, bridges, masonry construction, and 
concrete pipes. 
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Modern tendencies in arch dam design 


Serce Leviavsky, The Engineer (London), V. 204, 

No. wig ogy wot nite eH 853-857; Dec. 20, 
. 888-892; Dec. 27, pp. 

oa Ravienal by Arnon L. Mirsky 


A thorough review and critique, aftermath 
of the 1956 symposium on arch dams of the 
American Society of Civil Engineers. Cur- 
rent thinking on methods of design and anal- 
ysis (and use of models) is outlined and 
discussed (interestingly, the “trial load” 
method does not fare too well), and well 
illustrated by plans and details of numerous 
recent and current dams. Various methods 
of classification of dams are investigated. 


-Third part of paper is primarily concerned 


with hydraulic design and its influence on 
dam type. 


Hiracud—Iindia’s newest large dam 
(Hirakud—Indiens neveste Grosstal- 
sperre). 
Fritz Hartune, Der Bauingenieur (Berlin), V. 33, 
No, 3, Mar. 1958, pp. 84-97 
Reviewed by Aron L. Mirsky 

Dam, recently officially put into service, 
is 16,000 ft long, built in five sections of earth- 
fill, masonry, and concrete. Current power 
capacity is 129,000 kilowatts with provision 
for future addition of 112,500 kilowatts more; 
a down-stream subsidiary dam will have an 
ultimate capacity of 96,000 kilowatts; entire 
project is also of importance irrigation-wise. 
Article covers all phases of project (for brief 
English description of project, see Engineering 
News-Record, Mar. 14, 1957, p. 78). 


Why measurements on_ structures? 


(Warum Messungen an Bauwerken?) 


Goswin Mirrevmann, Der Bauingenieur (Berlin), 
V. 33; No. 5, May, 1958, pp. 196-199; No. 6, June, 
1958, pp. 236-239 


Reviewed by Aron L. Mirsky 

After answering the question why in con- 
vincing fashion (the primary reason being, 
of course, the proof of the analytical pudding), 
author presents a fascinating array of field 
investigations actually completed. They 
include stresses in prestressing tendons, 
boundary stresses in concrete shells, interior 
stresses in concrete pavements, stresses in 
steel dolphins, vibrations caused by pile- 
driving operations adjacent to structures, 
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and pressure variations in the course of 
underwater demolition using explosives. 


Flat plate structure designed by ulti- 
mate strength theory 
er regan ere 18 
Studies the application of ultimate strength 
theory to the design and construction of a 
seven story flat slab apartment building. 
The ultimate shear equation is given followed 
by an example. 


Concealed column heads for mush- 


room system floors (in German) 
L. G. H. Brexeimans, Ingenieur (The Hague), V. 10, 
No. 3, Jan. 1958, pp. 1-14 
Appiiep Mrcuanics REVIEWS 
Sept. 1958 
In cases where column heads were unde- 
sirable, attempts were made to retain their 
important constructional advantages by 
means of steel sections in the floor slab, con- 
stituting a concealed head, considering the n 
times greater modulus of elasticity of steel 
compared with concrete. Calculations and 
experiments prove that equivalence could be 
attained only by a solid steel slab almost as 
thick as the floor slab. Shearing stresses are 
certainly absorbed by concealed heads, but 
braces are more efficient and cheaper for this 
purpose. 
It is recommended that a floor with con- 
cealed heads should be considered as a floor 
‘without heads according to regulations for 
mushroom systems in ACI 318-47. In this 
case a greater thickness of the floor and more 
steel is to be accepted. 


Analysis of elastic frames under dy- 
-namic loading using the principle of 
conservation of energy (in Rumanian) 
Minar Irrm, Academia Republicii Populare Romine, 
Vv. 8, No. 2, 1957, pp. 393-406 
~ Reviewed by J. J. PoutvKa 
An analysis of multiple-story frames under 
dynamic loading using Rayleigh’s theory for 
determining frequencies of free oscillation. 
Two simple expressions are derived; (1) by 
considering that the dynamic deformation is 
in certain relation with the static deforma- 
tion when framework is exposed to lateral 
loads; (2) by introducing certain coefficients 
obtained by assuming that the deflections of 


Nome 


the fundamental modes of vibrations vary 
linearly. 

Numerical example of a three-story building 
with two bays compares the results obtained 
by an accurate method of analysis with those 
calculated by these simplified formulas. Tt 
is found that in both cases the accuracy is 
satisfactory, showing a difference of only 1.88 
and 0.94 percent. 


Theory of highly economical rein- 


forced beams (in Hungarian) 


J. Peurxan, Acta Technica, Academiae Scientiarum 
Hungaricae (Budapest), V. 17, 1957, pp. 39-56 

Appitinp MecHanics REvipws 

Mar. 1959 (J. Barra) 


This paper and two previous papers of the 
author deal with the limit design of contin- 
uous reinforced concrete beams. The spans, 
the load, and the concrete cross section are 
given. If zis the depth, the problem consists 
of finding the tensile reinforcement. To 
solve this problem, author introduces the 
postulate 


f (\M|/z)ds = min...... (1) 


Because |M|/z is practically proportional to 
the tensile reinforcement, postulate leads to 
a highly economical reinforcement. 

In a more recent paper, author treats the 
same problem and attempts to show that the 
classical minimizing principle of Castigliano 
also results in requirement (1). An essential 
point of this reasoning is the assumption that 
the flexural rigidity may be computed from 
the compressed part of the concrete area and 
from the reinforcement area. 


On shells curved in two directions 


P. CsonKa, Second Symposium on Concrete Shell 
Roof Construction (Oslo), Paper 5, Session II, July 


1957, 7 pp. 
Appiizp Mxrcuanics REVIEWS 


Jan. 1959 (W. Flugge) 

A shell with the middle surface z = f(a, y) 
carries a smoothly distributed vertical load. 
The membrane forces can be derived from 
an Airy stress function satisfying a certain 
second-order differential equation. The au- 
thor specifies f(x, y) incompletely, leaving & 
free parameter A. He assumes the stress 
function to be a simple polynominal con-— 
taining two more parameters Band C. Then 
A, B, and C are found from the condition 
that the differéntial equation must be satis- 
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fied at three well-chosen points, and the re- 
sult is slightly modified by requiring that the 
average of the load calculated from the dif- 
ferential equation must equal the average of 
the actual load. Several simple examples 
illustrate the method and show that in suf- 
ficiently simple cases acceptable solutions 
can be obtained. 


Thoughts on suspended-roof structures 
(Betrachtungen tiber Hangedachkon- 
struktionen) 
H. K. Banpex, Der Bauingenieur (Berlin), V. 33, 
No. 6, June 1958, pp. 221-225 
Reviewed by Aron L. Mirsky 

Comments on some problems peculiar to 
suspended-roof construction: how to handle 
the horizontal foree components, methods of 
reducing net spans, roofing, and methods of 
ensuring stability under unsymmetrical load- 
ing. 


Electrical analyzer for rigid frame- 
works 
J. W. Bray, The Structural Engineer (London), V. 35, 
No. 8, Aug. 1957, pp. 297-311 
Reviewed by C. P. Stress 
Describes circuitry and gives examples for 
an electrical analog for computing moments 
in frameworks. Device involves use only of 
resistors and meters. Accuracy of + 2 per- 
cent is claimed with suitable accuracy of 
electrical components. Factors which can 
be simulated include wind load, settlement 
of supports, Vierendeel truss, semirigid joints, 
effect of axial load, members of nonuniform 
section, plastic hinges, and elasto-plastic 
conditions. Can also simulate rectangular 
frames in three dimensions, continuous 
arches, and trusses with sloping members. 


Tall towers: The design of anchor 
bolts to resist overturning 


Gorvon Boyp, Proceedings, Institution of Civil En- 
ion 1957-58), June 1958, 


gineers (London), V. 10 ( 
pp. 193-200 
Reviewed by Aron L. Mirsky 


An abstract of an unpublished Institution 
paper giving formulas and graphs for the 
design of anchor bolts for unstayed slender 
towers with annular base rings. The effect 
of the difference in elastic moduli of steel and 
concrete is taken into consideration, Use 
of formulas and charts is illustrated by several 
examples. 
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From coal mine waste to light aggre- 
gate 

Leo Water, Rock Products, V. 62, No. 2, Feb. 1959, 
pp. 92-95 . 

Describes a sintering process in England 
where waste shale, by-product of the coal in- 
dustry, is transformed into light aggregate. 
The aggregate has consistant uniformity and 
is available in three grades—coarse, 34-14 in.; 
medium, 14-% in.; and fine 3% in. to dust. 


ASTM standards on mineral aggre- 
gates and concrete (with selected 
highway materials) 
American Society for Testing Materials, Philadelphia, 
1958, 384 pp., $4.75 

The book contains 101 standard specifi- 
cations, methods of test, recommended prac- 
tices, and definitions of terms for: mineral 
aggregates, concrete, concrete curing materi- 
als, expansion joint fillers, and miscellaneous 
related specifications. References are given 


for specifications on concrete reinforcing . 


steel, paving block and brick, and bituminous 
and nonbituminous road materials. Of the 
included standards 46 are new or revised 
since the 1956 edition, which is superseded. 


This publication will be useful to producers 
and consumers of mineral aggregates, con- 
crete, and highway materials, to highway 
engineers, specification writers, testing and 
inspection personnel, and research and 
engineering institutions. 


Heat treatment of high-temperature 
cements 


Technical News Bulletin, National Bureau of Stand- 
ards, Jan. 1959, pp. 4-5 


Reviewed by Rozert G. Matury 

Four commercial aluminous cements were 
investigated. These cements provided ma- 
terial having a fairly wide range of silica and 
iron oxide content. Test specimens were 
prepared with a water-cement ratio of 0.25 
and -heat treated at temperatures up to 
1100 C. Laboratory studies showed that 
after heat treatment many changes in the 
mechanical properties of aluminous cements 
are directly related to corresponding changes 
in compound composition. ‘The grain size, 
and crystallic and sintering characteristics 
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of each constituent compound and the solid 
state reactions between these compounds 
influenced the mechanical properties in 
varying degrees. 


Regrinding of cement with sand (in 


Russian) 
B. G. Sxramraev, P. F. Sousenxin, A. A. BupiLov, 
Novaja Tekhnika i Peredowot Opyt w Stroitel’stve 
(Moscow), No. 7, 1958, pp. 19-21 

Reviewed by N. G. ZoLDNERS 

Portland cement reground for 15 min in 
a vibro-mill with fine sand, replacing 20, 35, 
and 50 percent of cement resulted in a finer 
ground material, specific surface of which is 
more than 50 percent greater than that of 
the original cement. 

Sand-cement mortar with 20 percent sand 
replacement showed 20 percent higher 28-day 
strength and with 35 percent replacement a 
strength equal to the mortar strength of the 
original cement. Over 20 percent strength 
increase was obtained from 28 to 90 days. 

After initial 6-hr steam curing the 7-day 
compressive strength was 87 percent of the 
28-day strength as compared with 65 per- 
cent for the original cement mortar tests. 

Tests conducted on concrete specimens 
made with sand-cement substantiated the 
results of mortar tests. 


Precast Concrete 


Precast concrete in a school building— 


- slender prestressed columns 43 ft high 


Concrete and Constructional Engineering (London), 
V. 54, No. 1, Jan. 1959, pp. 3-9 

Reports the use of precast, prestressed 
columns and beams in the construction of a 
school in England. 

Columns 33 and 43 ft:long were prestressed 
with 34 and 1 in. diameter center bars, re- 
spectively, to prevent cracking in erection. 
Edge beams, cranked beams, 3 ft deep x 20 
ft long I-beams, and the connections of these 
units are described and illustrated. 


Precast folded plate roof for a paint 
plant 


Iq@nacio Martin and Narciso Papiiya, Civil En- 

gineering, V- 29, No. 3, Mar, 1959. pp. 56-59 
Deseribes the construction of twelve build- 

ings in Cuba using precast folded plate. slabs 


for the main manufacturing building. The . 


Sculptured 
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slabs were precast on their companion pieces 
at the work site and were designed for a free 
span of 75 ft 7 in. with a cantilever of 7 ft 
10 in. on both sides. Two considerations 
were low-bearing soil and reduction of fire 
hazards. 

concrete—an innovation 


in sand-cast tilt up walls 
Modern Concrete, V. 22, No. 11, Mar. 1959, pp. 60-61 


Presents information on a recently sculp- 
tured concrete curtain wall (24 ft x 11 ft-x 6 
in.) that was cast in sand as one unit and used 
for an exterior wall of a restaurant. The 
process of decorative sculpturing and deter- 
mining mix proportions is described. 


Some effects of prefabrication on 


postwar buildings 


Currorp E. Saunpers, The Structural Engineer 
(London), V. 35, No. 8, Aug. 1957, pp. 277-296 
Reviewed by C. P. Srmss 


Comprehensive and profusely illustrated 
description of numerous types of prefab- 
ricated construction for residences and build- 
ings. Includes all concrete as well as steel 
construction with conerete wall or floor ele- 
ments. Confined to British practice except 
discussion of curtain walls which is concerned 
chiefly with buildings in the United States. 


Prestressed Concrete 


Prestressing method MR St 150 (Das 
Spannverfahren MR St 150) 


P. Buck, Bauplanung-Bautechnik (Berlin), V. 12, 


No. 5, May 1958, pp. 212-214 
Reviewed by J. F. LeppMANN 


A steel saving method of anchoring post- 
tensioned bundles of up to 12 parallel 0.196 
in. diameter wires. At the anchor end the 
wires are broomed out and cast into the con- 
crete member to be prestressed. At the ten- 
sioning end a 314 in. diameter hole is cored 
out of the concrete. In this hole the wires 
are slightly spread and threaded through 
and wedged into conical holes which are ar- 
ranged in a circle in a circular plate. The — 
wires are tensioned from the outside by a pull 
bolt which is screwed into the cone plate. 
The prestress is transferred to the concrete 
through a nut which bears on an external 
anchor plate. The “socket”? is then filled 
with grout. After the grout has gained a 
strength of 4200 psi, the pull bolt and anchor 
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plate are removed for further use. Only 
the cone ring remains permanently in the 
concrete. 


Prestressed concrete for utilities 
(Spannbeton in der Energiewirtschaft) 


P. Muoscu, Bauplanung-Bautechnik (Berlin), V. 12, — 


a a id Ree ed by J. F. LeppMann 

Describes prestressed concrete poles used 
for low and middle voltage transmission lines, 
concrete footings of wood poles, tubular poles 
for substations, frames of outdoor transformer 
stations, and whip-shaped lamp posts. In- 
cludes details on shape, strength of materials, 
shipping weights, fabrication processes, and 
tests. 


Design of prestressed concrete tanks 
and pipes 


Henry J. Cowan, The Reinforced Concrete Review 


(London), V. 3, No. 8, 1955, pp. 571-585 


Reviewed by Wituiam R. Lorman 

This paper is concerned with derivation of 
formulas and their application to the design 
of prestressed concrete containers. Design 


_ problems are stated and solutions presented 


in the form of six examples. The following 
types of container design are treated: (a) 


circular tanks and pipes prestressed with 


continuous wire spiral, (b) effect of shotcrete 
coating on stress distribution in a tank, (é) 
tanks prestressed with circular hoops or ca- 
bles, (d) pretensioned pipes, and (e) design 
of longitudinal cables for circumferentially 
wound tanks and for prestressed pipes. Ex- 
amples show how to account for inelastic 
caused by concrete creep and 


shrinkage, 


Theory of prestressed hollow beams, 
plates, and shells (in Russian) 
VY. Z. Vuasov, Izvestiya Akademii Nauk SSR 


(Moscow), No. 5, may ee, pp. 70-84 


PPLIED Mecuanics Reviews 
Feb. 1959 


Starting with the general case, author con- 


_ centrates on cases representing reinforced 


concrete problems. 

In the case of a beam under transverse 
bending and torsion, proof is given that, of 
the three differential equations of equilib- 


rium, only the torsional one is affected by 


prestressing. The differential equation re- 
mains unchanged when GJ (torsional stiff- 
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ness) is replaced by GJ (reduced torsional 
stiffness). Buckling problems are affected 
in exactly the same manner. 

Initial thermal stresses are similarly dealt 
with, but the differential equation of torsional 
equilibrium is different, except in one part- 
icular case, as it also includes the first de- 
rivative of the angle of twist. Both open 
and closed thin-walled profiles are considered. 

Finally, the case of prestressed plates is 
treated where the prestressing member is 
either in the middle or off center. : 


Properties of Concrete 


Aggregate-cement reactions in con- 
crete (Les réactions agrégat-ciment 
dans le béton) 


Epmovur Cuavret, L'Ingénieur (Montreal), V. 44, 
No. 174, Summer 1958, pp. 12-19 
: Reviewed by Aron L. Mirsky 


Historical summary, followed by comments 
on ASTM C 227 and C342 and the results 
obtained in the Montreal Materials Testing 
Laboratory with concretes using various 
aggregates and cements. 


Estimating the compressive strength 
of mortar test specimens 
H. Korras and F. Un, Schweizer Archiv far Ange- 
wandte Wissenschaft und Technik, (Solothurn, Switzer- 
land), V. 24, No. 3, Mar. 1958, pp. 92-93 
Reviewed by Foren E. Murpuy 

The compressive strength of mortar test 
specimens prepared according to appropriate 
standards can be estimated through a linear 
relationship using values obtained sonically 
and consequently without destruction. Nei- 
ther the age of the test specimen nor its W/C 
ratio must be known. 


Experiments conducted for the pro- 
duction of concrete for radiation 
shielding at the Institute for Building 
Science (in Hungarian) 
os Reese. Magyar Epitoipar, V. 6, No. 3-4, 1957, 
Hungarian Treounicat ApsrRacrs 
V. 10, No. 2, 1958 
A detailed description of tests conducted 
on the production of three kinds of concrete 
for radiation shielding of specified weight by 
volume and hydrate water content to be used 
in the first Hungarian nuclear reactor under 
construction. The specified weights by 
volume were 3,2-4.2 tons per cu m for heavy 
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concrete and 3.2 tons per cu m for hydrated 
concrete, specified hydrate water contents 
were 60, 60, and 1401 per cu m, respectively, 
the latter being increased to 220 1 per cu m. 
To the first of the above experimental con- 
cretes hematite was added as an aggregate, to 
the second, hematite and iron scrap were 
added. Experiments covering the third kind 
of concrete have not yet been completed, the 
aggregates will be limonite and iron scrap. 


Air voids in concrete and character- 


istics of aggregates 
Bulletin No. 196, Highway Research Board, Nov. 
1958, $1 


Relationship of physical properties of some lowa 
carbonate aggregates to durability of concrete 
Joun Lemisn, F. Evernn Rusu, and Cart L. 


Hiztrop, pp. 1-16 

Reports an investigation of lowa carbonate 
rocks prepared as aggregates and investigated 
by petrographic examination. A  petro- 
graphic study was made of distressed con- 
crete containing aggregate from a condemned 
quarry. Conclusions are given concerning 
some good and some bad aggregate character- 
istics. 
Correlation between concrete durability and air-void 


characteristics 
Futon K. Frars, pp. 17-28 


Thirty-eight beams from 19 mixes were 
used to study the correlation between each 


of the five air-void characteristics and dur-- 


ability. A durability factor was used to 
express the resistance of each beam to deteri- 
oration in a laboratory freeze-thaw test. The 
five air-void characteristics ranked in the 
order of their correlation with durability are 
(a) spacing factor, (b) specific surface, (c) 
number of voids per inch, (d) hypothetical 
number of voids per cubic inch, and (e) total 
air content. 

The spacing factor and the specific surface 
were found to be of almost equal importance 
in producing durable concrete. Hence, either 
of these two characteristics may be used as a 
criterion for determining the air requirements 
for frost-resistant concrete. 


Chemical characteristics of some carbonate aggre- 
gate as related to durability of concrete 
Ramon E. Bisque and JoHN LeEmMIsH, pp. 29-45 


Includes a summary of results of chemical 
study of some carbonate rocks, one of which 
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has proved to be definitely unsatisfactory. 
It is used as a comparative standard based 
on three phases of the investigation. Among 
the conclusions were: Those carbonate rocks 
which contained clay, a high percentage of 
insoluble residue, and high magnesium con- 
tent, were characterized by masked reaction 
rims. Pure limestones do not develop reaction 
rims and appear to be relatively inert. 


Hypothesis on normal adherence be- 
tween steel and concrete caused by 
intermediate bond layer (in Rumanian) 
M. CxErnenxo, Constructiilor si a Materialelor de 
Constructii (Bucharest), V. 10, No. 7, July 1958, pp. 
369-372 
Reviewed by J. J. PoutvKa 

Theoretical analysis of physical and chem- 
ical processes occurring in the formation of 
bonding interlayer between steel and con- 
crete, corroborated by tests. Of special in- 
terest is the increase of ultimate bond strength 
with time, e.g., in one case after 3 days it 
was 136 psi, 7 days 238 psi, 28 days 340 psi, 
and 6 months 430 psi. 


Reaction of portland cement with 


carbon dioxide 


Cuartes M. Hunt, VERNON DANTZLER, Lewis A. 
Tomes, and Raymond L. BuaIne, Journal of Research, 
National Bureau of Standards (U. S. Government 
Printing Office, Washington 25, D. C.), V. 60, No. 5, 
May 1958, pp. 441-446 


Hiauway REsEARCH ABSTRACTS 
Sept. 1958 

The reaction of portland cement with car- 
bon dioxide was found to be greatly influenced 
by the moisture environment of the cement. 
Reaction with carbon dioxide and water also 
affected the subsequent hydration of the 
cement. 

In confirmation of earlier observations 
cement was found to carbonate slowly or not 
at all when exposed to pure, dry carbon di- 
oxide. In the presence of increasing concen- 
trations of water vapor, however, the rate 
of carbonation increased rapidly. Cement 
was also found to carbonate faster when 
freshly mixed with water than in an atmos- 
phere of high relative humidity. 

The amount of nonevaporable water in a 
hardened cement after 1 day, 7 days, or 28 
days of hydration was found to be smaller as 
the amount of carbon dioxide in the original 
cement increased.” The reduction in the 
amount of hydration at any given age was 
greater than the amount of carbon dioxide 
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associated with the effect, when both were 
compared on a molecular basis. Water in 
the original cement also appeared to curtail 
subsequent hydration of the cement, but the 
effect was less than the combined effect of 
water and carbon dioxide. ; 


High-density concrete for shielding 
in nuclear reactors 
D. _ Campsett-ALLEN, Commonwealth Engineer 
(Melbourne), V. 46, No. 5, Dec. 1958, pp. 57-61 
Discusses the use of concrete for shielding 
against neutron and gamma radiations from 
an atomic reactor. Conventional concrete is 
used except when space is at a premium, then 
concrete of higher density is called for. 
Density of concrete ranging from 150-350 


Ib per cu ft is obtained by using natural 


aggregate of barite and hematite for medium 
dense concrete, and steel aggregate for the 
higher densities. Mix proportions, strengths, 
and densities are discussed along with the 
disadvantages of using this type of aggregate. 


Effect of air drying before test—28-day 
strength of concrete 
W. S. Burcner, Constructional Review (Sidney), V. 
31, No. 12, Dee. 1958, pp. 31-32 

Describes the effect of dry curing on the 
strength of concrete at 28 days. Strength 


_ tests were conducted after removing samples 


from moist curing and allowing samples to 
dry in air. Length of time specimen was 
dry cured ranged from a few hours to almost 
28 days. Results of the tests are presented. 


Influence of shear on the moment of 


resistance of reinforced concrete 


- beams 


K. Suspian and R. B. L. Sairu, The Structural Engi- 
neer (London), V. 36, No. 11, Nov. 1958, pp. 377-384 
The recommendations of British and other 
design codes on shear in reinforced concrete 
beams are examined and suggestions are made 
concerning the basis of an ultimate load ap- 
proach. Some recent research and theories 
are discussed. Experimental results obtained 


__ by one of the authors are used, together with 


other published test results, to develop equa- 
tions for the moment of resistance of beams 
with or without web reinforcement. The 


& physical significance of these equations is 


discussed and further research problems are 
outlined in relation to design requirements, 
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Concrete for radiation shielding 
The Reinforced Concrete Review (London), V. 3, No. 9, 
1955, pp. 694-696 
Reviewed by Witti1am R. Lorman 

This article is more than a brief review. It 
is an abridgement of E. J. Callan’s ‘‘Concrete 
for Radiation Shielding’ and B. E. Foster’s 
“Absorption by Concrete of X-Rays and 
Gamma Rays,’’ both of which appear in the 
Sept. 1953 issue of the ACI Journat. If any 
reader finds Callan’s or Foster’s synopsis in- 
sufficiently informative and if that reader 
cannot spare the time required to study the 
papers, this reviewer recommends the above 
article as an effective substitute. 


Structural Research 


Analytical and experimental study of 
helicoidal girders 
Y. F. Youne and A. C. Scorpetis, Proceedings, ASCE, 
V. 84, ST 5, Sept. 1958, pp. 1756-1-1756-29 
Avutuors’ SuMMARY 
A study of the helicoidal girder, fixed at 
the ends, subtending a horizontal angle of 


180 deg, and having a slope of 30 deg is pre- * 


sented. Four girders, each having a different 
uniform rectangular cross section throughout 
its length, are investigated. The determin- 
ation of influence lines for end reactions due 
to vertical load is illustrated using analytical 
and experimental methods and final results 
are presented in tabulated and graphical form. 
End reactions under uniform load over half 
and full span are also given. The effect of 
width-depth ratio of cross section on end 
reactions and internal forces is discussed. 


Recent research on deformed rein- 
forcing bars 


K. Hasnat-Konyt, The Reinforced Concrete Review 
Sag a Ag 3, No. 7, 1955, pp. 393-459; discussion 


pp. 459-4 
Reviewed by Witu1am R. Lorman 


The entire contents of this particular issue 
are devoted to this comprehensive and im- 
portant treatise. The extensive series of tests 
were conducted: (a) to ascertain the com- 
parative efficiencies of cold-worked deformed 
(Tentor) bars, plain round mild-steel (MS) 
bars, and square-twisted (ST) bars; and (b) 
to compare the behavior of Tentor bars, 
when employed as tensile and compressive 
reinforcement of rectangular and T-beams, 
with the performance of MS bars that nor- 
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mally are used in England for conventional 
reinforcement of concrete. The Tentor bars 
were obtained from Denmark because no such 
bars were produced in England at the time 
of the tests. The research is divided into 
four groups: (1) pull-out tests, (2) embedded- 
rod tests, (3) beams with tensile reinforce- 
ment only, and (4) beams with tensile and 
compressive reinforcement. All references 
to the “‘code’’ pertain to the British Standard 
Code of Practice C.P. 114. 


In his explanation of the pull-out test data, 
the author shows the superiority of the Tentor 
bar; the relative efficiency of this type bar 
increases with increasing load. 


The embedded-rod concrete prisms were 
such that both ends of the protruding bars 
were pulled and the surrounding concrete 
tensioned. The author indicates the desir- 
ability of developing a new testing method; 
an improved testing technique is necessary 
to attain reliable data with the embedded-rod 
type of test. 

The group of tests dealing with beams that 
only incorporate tensile reinforcement was 
subdivided thus: large size bars in T-beams 
and small size bars in rectangular beams. 
Exact details of loading are illustrated; to 
suffice this review, loading is approximately 
third-point. Deflections of beams incorpor- 
ating Tentor bars are greater than those of 
beams reinforced with MS bars. For beams 
containing Tentor bars as large as 0.71-in. 
diameter, reducing the concrete strength to 
two-thirds of the minimum code requirement 
reveals no adverse effect on the safety aspects 
involved. 

The fourth group furnishes proof that 
beams incorporating plain bars without 
hooks “...may fail by bond slip before the 
yield point of the’ tensile reinforcement is 
reached.”’” Though;hooks are vital in the 
case of plain bar reinforced beams, the role 
played by hooks is not exercised until the 
first slip occurs and generally this results in 
the concrete bursting at the beam supports; 
in the case of deformed bars, the beam ends 
undergo no damage (but the concrete may 
burst at maximum. bending moment). In 
brief, hooks in conjunction with deformed bars 
contribute nothing to the safety features of 
the beams. The author is of the opinion that 
all structures subject to bending should be so 
designed that if loaded to failure the tensile 
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reinforcement undergoes yielding, excessive 
elongation, or fracture. 

Section 5 of the treatise is concerned: with 
the lesser crack formation in beams incor- 
porating Tentor reinforcement. Section 6 
contains information leading to the best 
means for improving impact resistance of 
beams. 

Nine short paragraphs in Section 7 sum- 
marize the conclusions resulting from the 
author’s extensive work. Conclusion 10 ac- 
tually is a list of seven needed types of in- 
vestigation; in the light of current devel- 
opments, this reviewer considers items 10(c) 
and 10(d) noteworthy as they reflect, re- 
spectively, the need for more information 
concerning fatigue and creep of reinforced 
concrete. 


Tests on eccentrically loaded columns 
with square twisted steel reinforce- 


ment 
R. H. Evans and K. T. Lawson,. The Structural En- 


gineer. (London), V. 35, No. 8, Sept. 1957, pp. 340-348 
Reviewed by C. P. Sizss 
Tests made on 35 tied columns, 10-in. 
square, with twisted-steel reinforcement hay- 
ing a proof stress of 63,000-69,000 psi. Test 
specimens were similar to those tested by _ 
Hognestad. Steel percentage varied from 1 c 
to 7.6 percent; eccentricities were Died} 
and 12.5 in. (axially-loaded columns were 
included in a previous test program); and 
concrete cube strengths varied from 2240 to 
7500 psi. Results presented and compared 
with the Hognestad, Stiissi, and Whitney 
theories. 


Direct measurement of stress in con- 
crete and soil (Unmittelbare Span- 
nungsmessung in Beton und Bau- 
grund) 


G. Franz, Der Bauingenieur (Berlin), V. 33, No. 5, 
May 1958, pp. 190-195 


Reviewed by Arnon L. Mirsky 
Two newer types of stress meters are de- 
scribed, one (Brosa) a mercury-type meter 
with points of similarity to the Carlson meter 
(ACI Journat, Nov. 1952, pp. 201-215), the 
other (Glétzl) a ‘“‘safety-valve”’ type to which 
most of the paper is devoted. After discussing 
the effect of the presence of a measuring ele- 
ment with a different relative stiffness on the 
stress trajectories in an elastic medium, author 
summarizes developmental tests.of the Glotzl 
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meter. Reports results obtained by its use 
on the prestressed concrete deck of the Jung- 
busch Bridge over the Neckar in Mannheim, 
a composite type structure, where it was 
possible to study the effects of solar heat on 
the stresses. Paper closes with the hope that 
a similar experimental usage with foundation 
stresses in an actual structure will be possible 

at an early date—a hope reviewer fervently 
seconds. 


Shear stresses in reinforced concrete 
beams (in Hungarian) 
E, Dutacsxa, Mélyépitéstudomdnyi Szemle, V. 7, 
No. 5-6, 1957, pp. 201-203 
HuNGARIAN TECHNICAL ABSTRACTS 
V. 10, No. 2, 1958 
In Hungary the so-called n-free method 
_ of computation based on the plastic properties 
_ of concrete was introduced as standard in 
1952. In the specifications however the elas- 
~ tic theory has been retained for the compu- 
tation of shear stresses. Shear stresses in 
the present paper are determined from the 
stage immediately preceding collapse. The 
determination of shear stresses by both the 
_ plastic and elastic methods is investigated 
bs? for beams having constant and varying rein- 
es forcement and formulas satisfying the con- 
dition of equilibrium of internal forces are 
given. Prismatic beams with constant rein- 
m. forcement cannot be investigated by the 


E plastic theory. 


New indirect tensile test for concrete. 
Theoretical analysis and preliminary 
_ experiments 


_ §. Rosennavupr, A. C. Van Rrev and L. Wier, 
Bulletin, Research Council of Israel (Jerusalem), V. 
__ 6C, No. 1, 1957, pp. 13-27. Road Abstracts, V. 25, 

No, 7, July 1958 


Hienway Researcu Apsrracrs 
+" Sept. 1958 
The tensile strength of concrete cubes may 
Pp be determined from dimensions of the failure 
section when a compressive load is applied 
_ along the middle of two opposite faces. The 
P problem has been investigated (a) theoret- 
E ically, by solving the plane-strain problem 
of & square acted on by two equal and op- 
s posite forces; (b) by photoelastic testing of 
___ two identically loaded slabs, one square and 
one circular, and comparing the isochromatic 
! and isoclinic lines obtained; and (¢) by testing 
concrete cubes and cylinders in indirect ten- 
sion and unreinforced beams in bending, and 
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comparing the results. It is stated that all 
cubes tested failed along a diametrical plane 
containing the load, thus confirming the 
theoretical calculations assigning the max- 
imum tensile stress to this plane; the tensile 
strength determined theoretically was in 
close agreement with that obtained by the 
other two methods; and the tensile strength 
of prisms was about 80 percent higher than 
that of cubes and cylinders, which appears 
to be caused largely by nonlinear stress 
distribution. 


General 


Basic geology for science and engi- 
neering 
Epwarp C. Dappies, John Wiley & Sons, Inc., New 
York, 1959, 610 pp., $9.50 

Fundamentals of physical geology are 
clearly and concisely presented. Author 
presents the basic tenets in logical and in- 
teresting style. A useful book for the en- 
gineer or student wishing to gain a general 
knowledge of the subject. 


Protecting concrete against corrosion 
H. R. Tovcury, Corrosion Technology (London), V. 


12, No. 4, 1957, pp. 417-419; Building Science Abstracts 
V. 31, No, 2, Feb. 1958, p. 37 


Hioguway Resgarcn ABsTRACTS 

Oct. 1958 

The merits and limitations of bitumen or 

tar solutions, waxes, oils, and chlorinated 

rubber paints as protective coatings for con- 

crete exposed to aggressive liquids, either 

hot or cold, are discussed briefly, The prop- 

erties and optimum uses of coatings based 
on epoxy resins are also described. 


The use of structural concrete in the 
gas industry 

S. V. Garpner, The Rei ed Concrete Review 
en eg 3, No. 9, 1956 apr O01 Sa discussion 


pp 
Reviewed by Winuiam R. Lorman 


This interesting and comprehensive com- 
pendium, together with the points comprising 
the discussion, could well serve as a standard 
reference. Except for three pages, it com- 
prises the entire technical portion of this 
particular issue of The Reinforced Concrete 
Review, 

The main sections are: (1) introduction 
and historical survey, (2) special physical 
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and chemical conditions, (3) general struc- 
tural deterioration, (4) superficial repairs, 
(5) workmanship, (6) construction methods, 
(7) designs and details, (8) use of prestressed 
concrete, (9) river and maritime works, and 
(10) conclusion. In (3) considerable infor- 
mation is summarized relative to chief de- 
fects (observed during the last 35 years) and 
their contributory causes. A good explana- 
tion of reinforcement corrosion control is 
offered in (4). Concrete piles (convention- 
ally reinforced as well as prestressed) are 
considered in more than a cursory manner 
in (8). 


Specifications for concrete 
D. A. Stewart, The Reinforced Concrete Review 
(London), V. 3, No. 10, 1955, pp. 717-727; discussion 
pp. 727-734 
Reviewed by Wiuu1am R. LorMAN 
This article presents the fundamentals of 
preparing a specification along the lines of 
minimum concrete compressive strength, 
minimum concrete bulk density, and maxi- 
mum cement content. This procedure in- 
sures uniform quality of concrete and permits 
the contractor to select proportions for the 
mix, using the most desirable aggregate avail- 
able locally. The author shows that a wor- 
thy specification must provide also for pro- 
tection of the steel reinforcement against 
corrosion. Examples of clauses and phrase- 


ology are given in a manner such that they 
could be adapted to nearly any situation 
confronting the construction engineer. 

Discussion pertained to contractors’ prob- 
lems, test specimens, stripping of formwork 
types of mixers, relationship of concrete bulk 
density to concrete durability, compaction, 
and placement problems. 


New heavy-duty bitumen composition 
has remarkable resistance to corrosion 
E. A. Duuican, Paint Industry Magazine, V. 73, No. 
8, Aug. 1958, pp. 10, 12, 14, 41 
HigHway ReseARcH ABSTRACTS 
Oct. 1958 

A bitumin composition developed in Eng- 
land is claimed to have all the anticorrosive 
and weather-resistant qualities generally at- 
tributed to bituminous paints plus a greatly 
improved tolerance to heat and greater 
flexibility at low temperature. : 

Use of bitugel, as it is called, on concrete 
has not yet been fully investigated. Results 
on use as a horizontal dampproof membrane 
are encouraging, but for vertical use some 
difficulty has been experienced in adhesion 
of a cement screed to the dried bitugel film. 
For maximum adhesion to concrete it is pre- 
ferable to apply a priming coat of a thin bitu- 
men solution followed by a heavy coat of 
bitugel which seals hair cracks and gives a 
uniform, waterproof surface. 
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PERIODICALS REGULARLY SCANNED FOR REVIEWS 


The many requests for information concerning the source material of reviews appearing in 
the “Current Reviews” section indicate the desirabillty of publishing a list of those periodi- 
cals, bulletins, and proceedings being scanned regularly for articles dealing with the field of 
concrete. If all miscellaneous magazines, bulletins, reports, and books were included (which 
are reviewed only as they come to the attention of the voluntary reviewers or editors) the 
following list would cover well over 200 periodicals and/or publishing, educational, and research 
organizations. The following list includes publishers’ addresses for convenience should cor- 
respondence with them be desired, since copies of articles or books reviewed in the JouRNAL 


are not available through ACI. 

publishers. 

American Ceramic Society Bulletin—Ameri- 
can Ceramic Society, 4055 North High St., 
Columbus 14, Ohio 


ASTM Bulletin—American Society for Test- 
ing Materials, 1916 Race St., Philadelphia 
3, Pa. aioe 


In most cases they can be obtained directly from the original 


Annales de L’ Institut Technique du Batiment 
et des Travaux Publics—L’ Institut Tech- 
nique du Batiment et des Travaux Pub- 
lics, 6 Rue Paul Valéry, Paris: 16e, France 

Annales des Ponts et Chaussées—Commission _ 
des Annales & ’Eeole Nationale des Ponts 
et Chaussées, 28 Rue des Saints-Péres, 
Paris 7e, France ~ 
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Applied Mechanics Reviews—American So- 
ciety of Mechanical Engineers, 29 West 
39th St., New York 18, N. Y. 

Architectural Forum—9 Rockefeller Plaza, 
New York 20, N. Y. 

Architectural Record—119 West 40th St., New 
York 18, N. Y. : 

Archiwum Inzynierii Ladowej—Kultury i 
Nauki, Pokéj 2319, Warsaw, Poland 

Australian Journal of Applied Science—Com- 
monwealth Scientific and Industrial Re- 
search Organization, 314 Albert St., E. 
Melbourne, C 2, Victoria, Australia 

Bauingenieur, Der—Heidelberger Platz 3, 
Berlin, Wilmersdorf, Germany 

Bauplanung Bautechnik—Unter den Linden 
12, Berlin W8, Germany 


_Bauzeitung, Die—Hospitalstrasse 12, Stutt- 


gart N, Germany 


Béton Armé—22 Rue de L’Arcade, Paris 8e, 
France 


_ Betongen Idag—Norsk Cementforening, Mun- 


ww. PL 
ins 4 


_ Beton- 


British Constructional Engineer, 


kedamsveien 3b, Oslo, Norway 

Beton i Zhelezobeton—Moscow, Russia 

Betonstein-Zeitung—Kleine Wilhelmstrasse 7, 
Wiesbaden, Germany 

Beton-Teknik—Christians Brygge 28, Co- 
penhagen V, Denmark 

und  Stahlbetonbau—Hohenzollern- 

damm 169, Berlin-Wilmersdorf, Germany 

The—32 
Southwark Bridge Road, London, SE i 
England 

Building Construction Illustrated—5 South 
Wabash Ave., Chicago 3, Ill, 

BRI Abstracts of Building Science Publications 
—Building Research Institute, 2101 Con- 
stitution Ave., Washington 25, D. C. 


Building Research Reports, Danish National 


Institute of Building Research—Danish 
National Institute of Building Research, 
20 Borgergade, Copenhagen K, Denmark 


Building Research Station Digest—Building 


Research Station, 
Herts, England 


Builleten — Stroitelnoi Tekhniki—Moscow, 
Russia 


Bulletin, Centre d’Etudes et de Recherches de 
UIndustrie des  Liants Hydrawliques— 
Centre d’Etudes et de Recherches de 
Industrie des Liants Hydrauliques, 197 
Boulevard Saint-Germain, Paris 7e, France 


Garston, Watford, 
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Bulletin de la Reunion Internationale des Lab- 
oratories d’Essais et de Recherches sur les 
Materiaux et les Constructions—Reunion 
des Laboratories d’Essais et de Recherches 
sur les Materiaux et les Constructions, 12 
Rue Brancion, Paris 15e, France 

Bulletin of the Highway Research Board— 
Highway Research Board, 2101 Constitu- 
tion Ave., Washington 25, D. C. 

Bulletin of the Institution of Civil Engineers of 
Ireland—Institution of Civil Engineers of 
Ireland, 35 Dawson St., Dublin, Ireland 

Bulletin del Instituto Técnico de la Con- 
struccién y del Cemento—Instituto Téc- 
nico de la Construccién y del Cemento del 
Patronato Juan de la Cierva de Investi- 
gacién Técnica, Apartado de Correos No. 
2, Costillares, Chamartin, Spain, and 
Apartado de Correos No. 19,002, Madrid, 
Spain 

Bulletin of the Iowa Engineering Experiment 
Station—Iowa Engineering Experiment 
Station, Iowa State College, Ames, Iowa 

Bulletin of the University of Illinois Engineer- 
ing Experiment Station—University of 
Illinois Engineering Experiment Station, * 
106 Engineering Hall, Urbana, IIl. 

Cahiers du Centre Scientifique et Technique du 
Batiment—Centre Scientifique et Tech- 
nique du Batiment, 4 Avenue du Recteur- 
Poincaré, Paris 16e, France 

Cement—Herengracht 507, Amsterdam C, 
Netherlands 

Cement and Lime Manufacture—14 Dart- 
mouth St., London, SW 1, England 

Cement och Betong—Kolga-huset, Postgiro 
1808, Malmo, Sweden 

Cemento, Il—Via Benedetto Marcello 2, 
Milan 405, Italy 

Ceramic Abstracts—(see Journal of the Ameri- 
can Ceramic Society) ° 

Civil Engineering—American Society of Civil 
Engineers, 33 West 39th St., New York 18, 
Ney. 

Civil Engineering and Public Works Review— 
8 Buckingham St., London, WC 2, Eng- 
land 

Commonwealth Engineer, The—349 Collins 
St., Melbourne, C 1, Australia 

Concrete—400 W. Madison St., Chicago 6, Tl. 

Concrete and Constructional Engineering— 
14 Dartmouth St., London, SW 1, England 

Concrete Construction Magazine—P. O. Box 
444, Elmhurst, Ill. 


Concrete Products—79 W. Monroe St., Chi- 

cago 3, Il. 

-Construction—92 Rue Bonaparte, Paris 6e, 

France 

Construction Equipment—205 East 42nd St., 

New York 17, N. Y. 

Constructional Review—14 Spring St., Sydney, 

N.S.W., Australia 

Consulting Engineer—227 Wayne St., St. 

Joseph, Mich. 

Contractors and Engineers—470 Fourth Ave., 

New York 16, N. Y. 

Crushed Stone Journal, The—National Crush- 
ed Stone Association, 1415 Elliot Place, 
NW, Washington 7, D.C. 

Deutsche Bauzeitschrift—Kickhofstrasse 14/16, 
Giitersloh, Germany 

Engineer, The—28 Essex St., Strand, London, 
WC 2, England 

Engineering—35 & 36 Bedford St., Strand, 
London, WC 2, England 

Engineering Journal, The—2050 Mansfield 
St., Montreal 2, Quebec, Canada 

Engineering News-Record—330 West 42nd 
St., New York 36, N. Y. 

Genie Civil, Le—5 Rue Jules Lefebvre, Paris 
9e, France 

Giornale del Genio Civile—Via Nomentana 2, 
Rome, Italy 

Gradbeni Vestnik—Erjavceva lla, Ljubljana, 
Yugoslavia 

Handlingar (Proceedings), Swedish Cement 
and Concrete Research Institute—Svenska 
Forskningsinstitutet for Cement och Be- 
tong vid Kungl. Tekniska Hogskolan I, 
Stockholm, Sweden 

Highway Research Abstracts—Highway Re- 
search Board, 2101 Constitution Ave., 
Washington 25, D. C. 

Hungarian Technical Abstracts—Hungarian 
Central Technical Library, P. O. Box 12, 
Budapest 8, Hungary 

In the Field of Building—Building Research 
Station, Technion—Israel Institute of 
Technology, Haifa, Israel 

Indian Concrete Journal, The—121 Queen’s 
Road, Bombay 1, India 

‘Industria Constructiilor si a M: aterialelor de 
Constructii—Revistele Tehnice ASIT, Str. 
Ioan Ghica nr. 3, Bucharest, Rumania 

Industrial and Engineering Chemistry—Ameri- 
can Chemical Society, 1155 Sixteenth St., 
NW, Washington 6, D. Cie 
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Informes de la Construccién—Institute Téc- 
nico de la Construccién y del Cemento del 
Patronato Juan de la Cierva de Investi- 
gaccién Tecnica, Apartado de Correos 
No. 2, Costillares, Chamartin, Spain, and 
Apartado de Correos No. 19,002; Madrid, 
Spain 

Ingenieria—National School of Engineering, 
Palacio de Minera, 2A Tacuba 5, Mexico 
1, D. F., Mexico 

Ingenieria Civil—Assocacién de Ingenieros 
Civiles del Peri, Colmena 788, 40 Piso, 
Lima, Peru 

Ingenieria Internacional Construccion—330 
West 42nd St., New York 36, N. Y. 

Ingenigren—Dansk Ingenigrforening, Ingen- 
iorhuset, 31 V. Farimagsgade, Copenhagen 
V, Denmark 

Interbuild—11 Manchester Square, London, 
W 1, England 

International Civil Engineer and Contractor— 
Lennox House, Norfold St., London, WC 
2, England 

Journal of the Boston Society of Civil Eng- 
neers—Boston Society of Civil Engineers, 
715 Tremont Temple, Boston, Mass. 

Journal of the American Ceramic Society and 
Ceramic Abstracts—American Ceramic So- 
ciety, 4055 N. High St., Columbus 14, 
Ohio 

Journal of the Institution of Engineers, Aus- 
tralia—Institution of Engineers, Glou- 
cester & Essex Sts., Sydney, N. S. W., 
Australia 

Journal of the Japan Society of Civil Engineers 

—Japan Society of Civil Engineers, 1- 
Chome, Yotsuya, Shinyuko-Ku, Tokyo, 
Japan 

Journal of the Prestressed Concrete Institute— 

3132 N. E. Ninth St., Fort Lauderdale, 
Fila. 
Journal of Research—National Bureau of 
Standards, Washington 25, D. C. 
Magazine of Concrete Research—Cement and 
Concrete Association, 52 Grosvenor Gar- 
dens, London, SW 1, England 
Meddellanden (Bulletins), Statens Provning- 
sanstali—Statens Provningsanstalt, Stock- 
holm, Sweden 
Memoires de la Société des Ingéniewrs Civils de _ 
France—19 Rue Blanche, Paris 9e, France 
Memoirs of the Faculty of Engineering Kyoto 
_University—Kyoto, Japan 
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Modern Concrete—431. 8. Dearborn St., 
Chicago 5, IIl. 

Nase Gradevinarstvo—Association of Socie- 
ties of Civil Engineers and Technicians of 
Yugoslavia, Kneza Milosa 7, Belgrade, 
Yugoslavia 

Nordisk Betong—Nordisk Betonforbund (Nor- 
dic Concrete Association), Stockholm 70, 
Sweden 

Novaia Tekhnika i Peredovoi Opyt v Stroitelstve 
—Moscow, Russia 

Oesterreichische Ingenieur-Zeitschrift—M6lker- 
bastei 5, Vienna I, Austria 

Ontario Hydro Research News—Research Di- 
vision, Hydro-Electric Power Commission 
of Ontario, 620 University Ave., Toronto 2, 
Ont., Canada 

Pit and Quarry—431 S. Dearborn St., Chicago 
5, Ill. 

Polish Technical Abstracts—Centralny In- 
stytut Dokumentacji Naukowo-Tech- 

nicznej, Aleja Niepodleglosci 188, War- 
saw 12, Poland 


_ -Polytechnisch Tijdschrift—28 Balistraat, The 


Hague, Netherlands 


_ Precontrainte-Prestressing—21 Rue Newton, 


Brussels 4, Belgium 

Proceedings of the American Society of Civil 
Engineers—American Society of Civil En- 
gineers, 33 West 39th St.. New York 18, 
N.Y 

Proceedings of the American Society for Test- 
ing Materials—American Society for Test- 
ing Materials, 1916 Race St., Philadelphia 
3, Pa. 

Proceedings of the Deutscher Ausschuss fur 
Stahlbeton—Bundesallee 215/218, Room 
302, Berlin, W 15, Germany 

Proceedings of the Deutscher Beton-Verein— 
Deutscher Beton-Verein E. V., Bahnhof- 
strasse 61, Postfach 627, Wiesbaden, 
Germany 


Proceedings of the Highway Research Board— 


Highway Research Board, 2101 Constitu- 
tion Ave., Washington 25, D. C. 


Proceedings of the Institution of Civil Engi- 


neers—Institution of Civil Engineers, 
Great George St., Westminster, London, 
SW 1, England 


Progressive Architecture—430 Park Ave., 


New York 22, N. Y. 


Public Roads—Bureau of Public Roads, U. 8. 


Department of Commerce, Washington 25, 
DC. 


JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


June 1959 


Rakennusinsinoori—Ratak 9, Helsinski, Fin- 
land 

Reinforced Concrete Review, The—Reinforced : 
Concrete Association, 94-98 Petty France, q 
London, SW 1, England ~ 

Revista del Colegio de Ingenieros de V enezuela— 
Parque Los Caobos, Apartado 2.006, 
Caracas, Venezuela 

Revue des Materiaux—Centre d’Etudes et de 
Recherches de 1|’Industrie des Liants 
Hydrauliques, 19 Rue Lafayette, Paris 
9e, France 

Roads and Streets—24 W. Maple St., Chicago 
10, Ill. 

Road Researgh Notes—Road Research Lab- 
oratory, Harmondsworth, Middlesex, 
England 

Rock Products—79 W. Monroe St., Chicago 3, 
Til. 

Schweizer Archiv fiir angewandte Wissenschaft 
und Teknik—c/o Buchdruckerei Vogt- 
Schild AG, Solothurn, Switzerland 

Stavebnicky Casopsis Slovenske} Akadémie 
Vied—Klemensova 27, Czechoslovakia 

Structural Engineer, The—Institution of Struc- « 
tural Engineers, 11 Upper Belgrave St., 
London, SW 1, England 

Technical Memorandum, Waterways Experi- 
ment Station—W aterways Experiment Sta- 
tion, Corps of Engineers, Vicksburg, Miss. 

Technical Translations—Office of Technical 
Services, Department of Commerce, 
Washington 25, D. C. 

Transactions of the Institution of Civil Engi- 
neers of Ireland—Institution of Civil En- 
gineers of Ireland, 35 Dawson St., Dublin, 
Treland 


Transactions of the Japan Society of Civil En- 
gineers—Japan Society of Civil Engineers, 
1-Chome, Yotsuya, Shinyuko-Ku, Tokyo, 
Japan 

Travaux—6 Avenue Pierre 1-de-Serbie, 
Paris 16e, France 

VDI Zeitschrift—Verein Deutscher Ingen- 
ieure-Verlag GmbH, Ingenieurhaus, Prinz- 
Georg-Strasse 77, Diisseldorf, Germany 

Zement-Kalk-Gips—Kleine Wilhelmstrasse if 
Wiesbaden 16, Germany 

Zement und Beton—Oesterreichischen Beton- 
vereins und Verein der Oesterreichischen 


Zementfabrikanten, Strohgasse No. 21 A, 
Vienna 3, Austria 
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Disc. 55-4 


Discussion of a report by ACI Committee 711: 


Minimum Standard Requirements for Precast 
Concrete Floor and Roof Units (ACI 711-58)" 


By A. C. GRAFFLIN, ANGEL HERRERA, and COMMITTEE 


By A. C. GRAFFLIN{ 


In permitting added load bearing value to be claimed for topping applied 
over precast floor slabs or decking, it seems to me that Committee 711 has 
overlooked or ignored the very heart of the matter—the question of ultimate 
responsibility for the proper application of this topping. Fig. A, typical of 
several photographs in my possession, shows the actual conditions under 
which some toppings are applied over precast units. It was claimed ‘that 
this topping increased the load bearing capacity of these units up to 50 per- 
cent over their capacity without such topping, in spite of the added dead load. 


I do not see how anyone could claim that topping applied under such con- 
ditions, without the slabs being cleaned beforehand, and without the use of 
either cement or plastic grouting of the slab surfaces or of some mechanical 
ties of adequate number and strength, could develop any proper bond with 
the precast decking which would support any claim of such increased load 
bearing capacity. I do not believe that Committee 711 would support such 
a claim, under such conditions. 


The point is that it seems to be the general practice of the manufacturers 
and suppliers of floor systems who must rely on and claim this augmented 
load. bearing capacity from applied topping, to have little or nothing to do 
with its application, and to assume no responsibility for it, even though 
they may stipulate that it must be applied in accordance with their specifica- 


tions. 

'That, to me, is the very heart of what I believe to be the fundamental 
error in ACI 711-58. No question is raised or involved here whether topping, 
properly applied, might provide such increased load bearing capacity. What 
concerns me is who is to be held responsible for this proper application—the. 
architect, the engineer, the general contractor, or, as I believe should be done, 
the manufacturer or supplier of any system which claims the added advantages 


of such topping? 


*ACI JourNAL, V. 30, No. 1, July 1958 (Proceedings V. 55), p. 83. _ Dise. 55-4 is a part of copyrighted JouRNAL _ 
OF THE AMERICAN ConcrRETE INSTITUTE, V. 30, No. 12, June 1959 (Proceedings V. 55). ; 
~Member American Concrete Institute, Vice-President and Manager, Pittsburgh Flexicore Co., Inc., Mononga- 


hela, Pa. 
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Fig. A—Conditions under which topping is sometimes placed over precast floor units 
(unretouched photograph) 


I believe that the only honest and responsible and proper basis on which this 
ACI standard should approve any claims of increased load bearing capacity 
from applied topping over any type of precast floor slabs made by any manu- 
facturer is: (1) to stipulate clearly the conditions under which such topping 
must be applied to insure a monolithic bond with the supporting deck; and 
(2) to stipulate that the topping must be applied by or under the direct re- 


_ sponsibility of the manufacturer of any system claiming such added struc- 
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tural advantages and load bearing capacity from the use of such topping in 
connection with their slabs. 


I do not believe that any manufacturer of any precast floor system should 
be permitted to claim added load capacity for the system through the use 
of topping if, at the same time, they are in position to completely disclaim 
any responsibility in the event of failure, on the ground that they had nothing 
to do with the proper application of such topping. 


By ANGEL HERRERA* 


On studying this report, a few items have stirred my interest. For example, 
- Section 301 states that floor or roof units shall be tested to complete failure, 

which shall not occur at less than two times the sum of design dead and live 
load nor less than three times the design live load. This seems excessive to 
‘me for elements which are cast under much better conditions for control of 


quality, dimensions, and placing material than would be the case for ele- 
ments cast in place. 


There is a certain lack of agreement between this section and thé pro- 
__ visions of the section devoted to ultimate strength design in “Building Code 
_ Requirements for Reinforced Concrete (ACI 318-56),’’ which provides for 


*Member American Concrete Institute, Civil Engineer, Saenz-Cancio-Martin, Engineers, Havana, Cuba. 
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design by an ultimate load which shall be 1.2 times the dead load plus 2.4 
times the live load, but never less than 1.8 times the sum of both. . There- 


fore, if all elements are designed in accordance with the provisions of the 


Code, those in which the dead load predominates will be unable to with- 
stand the test satisfactorily, if we accept that the formulas given in the Code 
for determining their strength are correct. 

In those cases where the live load is predominant, the combined factor of 
safety will vary between 1.8 and 2.4, depending on the relationship between 
dead and live loads. To reach a factor of safety of 2, it would be necessary 
for the live load to be twice as large as the dead load, a condition seldom 
met in practice. Therefore, if we follow the recommendations of this report, 


it is necessary to design for a greater strength than is required by the ACI 


Building Code. 

Section 408(a) contains certain provisions which do not seem entirely 
safe to me. The statement is made that precast joists can be keyed a mini- 
mum of 1% in. into a field-placed floor slab and may be erected without false- 
work or jacking and designed for T-beam action with slab, assigning the 
whole dead load to the precast joist with only the live load to be carried by 
the combined section of increased depth. 

In the case of a roof, the maximum load will possibly occur when the slab 
is placed, since the joists will have to support their own weight plus the weight 
of the forms and slab in addition to the live loads produced by the workers 
and equipment, such as vibrators, buggies, etc. These extra loads can easily 
be more than the 10 or 15 lb per sq ft which it is usual to employ as roof loads. 

For the above mentioned reasons, I believe that the joists should not be 
considered as T-beams, but should be checked for both dead and live loads 
existing at the time of casting and until the time the concrete slab can con- 
tribute to carrying the load. They should be checked as T-beams for the 


‘dead load which will act after the concrete has set, as well as the design live 


load, to furnish strength necessary under the most unfavorable conditions. 


For the first check, lower factors of safety may be employed than for the 
second one, since these are temporary loads and failure at this time would not 


have serious consequences. 
These suggestions are also applicable to the provisions of Sections 411 and 


413. 
COMMITTEE CLOSURE 


The question of responsibility for a construction operation often leads to 
inferior construction, misunderstandings, and litigation. Ideally, all questions 


i of responsibility should be answered by the terms of the contract and specifi- 


cations under which a structure is built. 
Most structures are built by a general contractor working together with a 


= number of subcontractors. Where one subcontractor works on a surface 
furnished by another, as pointed out by Mr. Grafflin, the question of re- 
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sponsibility for the condition of the surface arises. It is common practice to 
require that, before proceeding, the subcontractor accept or reject the sur- 
face on which his work is based. His acceptance makes him responsible for 
the surface condition. His rejection requires that the general contractor take 
the necessary steps to correct the condition. The specifications should place 
the responsibility for this work. 

In the case of structural concrete topping on precast elements, the surface 
of the precast floor is usually good as installed, with ordinary cleaning. How- 
ever, the work of other subcontractors, improperly supervised, often results 
in damage to the surface. The manufacturer of the precast system has no 
authority over those subcontractors, and cannot therefore, protect the pre- 
cast surface. The general contractor has such authority and should use it 
to see that the work of one subcontractor is properly treated by others. 

No standard, such as the one discussed here, can by itself guard against 
poor construction practices. The proper cleaning of topped surfaces is a 
requirement of the standard which must be enforced by proper inspection 
backed up by adequate construction specifications. 

It is assumed that the manufacturer of the precast system has proved, by 
proper certification (Section 302, ACI 711-58), that the topping can be bonded 
to the precast member by a procedure such as that. outlined in Section 403. 

Mr. Herrera mentions that there is a certain lack of agreement between 
the failure load requirements of Section 301, ACI 711-58, and the load factors 
in Section A604 of ACI 318-56. Since it is intended that precast members 
may be proportioned by ultimate strength design, there seems to be little 
reason why the test requirements and the ultimate strength requirements 
should not agree. This difference has been noted and will be further con- 
sidered by Committee 711. 

Referring to Section 408(a), if a roof is designed for a small live load it 
certainly is possible that the construction load applied to the joist only might 
control the joist design. However, it is not considered good practice to 
design roofs for a live load as low as 10 to 15 psf as stated by Mr. Herrera. 
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Disc. 55-10 


: Discussion of a report by ACI Committee 622: 

; Pressures on Formwork* 

5 By CHARLES MACKLIN, M. R. MONTGOMERY, ROLF SCHJODT, 

/ WASSIL WELEFF, and COMMITTEE 

Jf 

A By CHARLES MACKLIN{ 

o 

“4 

a Fig. A shows concrete pressure curves for temperatures of 50 and 70 F 
4 as reported by Shunk (1909),2!2 Meyer (1913),?* Pulver (1933),* and this 
> report by ACI Committee 622, with additional curves by Rodin (1952)° 
2 and Macklin (1946)? considering hand spading and vibration only. 

4 The work of Shunk considered only rate of placement and temperature. 
“3 In 1933 Pulver introduced the formula P = 150 + KR which was copy- 
e- righted by Universal Form Clamp Co. and widely circulated by the Portland 


Cement Association, reaching the attention of Rodin who constructed the 
chart giving the percentage correction for temperature. The Pulver tem- 
perature K was in terms of an equivalent fluid of 150, 120, 100, and 90 lb 
per cu ft for temperature steps from 50 to 80 F by increments of 10 F. The 
Meyer (Shunk) tests had a time factor (20, 25, 35, 50, and 70 min.) for tem- 
peratures from 80 to 40 F in increments of 10 F. The similarity of the two 
curves is apparent from Fig. A. 
The formulas shown in Fig. A as straight or slightly curved lines are based 
on the supposition that termination of the fluid behavior of concrete is de- 
pendent on the chemical action of the cement which in turn is dependent on 
temperature and type of cement. This hypothesis has some apparent errors 
‘which are clearly demonstrated by slip-form work, vacuum concrete, and the 
tests by Roby.”° 

I would like to offer another hypothesis which assumes that the solids in 
concrete are temporarily suspended in a grout. This grout shows liquid 
characteristics for a variable time dependent on many factors, some of which 
have been studied and reported.2*28 The solids, usually of higher specific 
gravity, sink in the grout at a uniform rate and have a measurable space 
between them which is filled with grout, air, and clays. When the lowest 
layer lands on the bottom it stops, with successive layers coming to rest and 
_ building up a precarious balance of solids of various shapes. Spading and 
internal or external vibration causes the solids to come to a state of less pre- 
carious stability and the water and lighter particles work toward the top. 
- During this process chemical action is progressing dependent on the tem- 

*ACI Journat, V. 30, No. 2, Aug. 1958 (Proceedings Ne 55), p. 173. Disc. 55-10 is a pas of copyrighted — 


JOURNAL OF THE AMERICAN CONCRETE Insitute, V. 30, No. 12, June 1959 (Proceedings Vii255); 
+Member American Concrete Institute, Architectural and Structural Engineer, Springfield, Ill. 
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PRESSURE PSF. 


RATE 


0 {000 2000: 


Fig. A—Solid lines indicate concrete placed with mechanical vibration; dotted lines in- 

dicate concrete placed with hand spading. Straight line values are all based on the 

experimental data of Shunk, temperatures of 50 and 70 F. Curved lines are modi- 
fications of the Smith formula and do not consider temperature 


perature and type of cement used. The time taken for the solids to settle 
is due largely to the amount of cement and its consistency. Lack of cement 
causes complete and rapid settlement of solids in water. As cement is added 
it takes longer to effect contact between solids. This is borne out by the 
Smith tests.*® An increase in cement causes an increase in pressure; an increase 
in water causes a decrease in pressure, which was also determined by Smith. 
These two facts are compatible with the hypothesis that concrete pressure 
is terminated by solids making contact. The effect of the chemical action 
in the cement can lead to delayed settlement. Teller*® emphasized the small 
effect of temperature on pressure. Vibration of sufficient energy dislodges 
the solids and causes temporary fluidity which causes a virtual equivalent 
fluid pressure. This, however, diminishes rapidly as soon as vibration stops. 
Revibration has been reported by Tuthill and Davis*! to be successful after 
several hours and all vibrated concrete has a greater weight than the hand 
spaded sample. 


The committee report is an excellent step toward solving this important 


and controversial problem and it has shown clearly the present conception 


eae 


and usages of concrete pressure values. 
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A complete bibliography would be useful and reports of experiments 
interesting. 
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By M. R. MONTGOMERY* 


This report has condensed available information into a useful and practical 
‘form for ready reference and should consolidate general thinking on the 
subject. I do not intend this as a technical discussion in a formal sense 
since my observations are based on experience and tests made a number of 
years ago for the specific purpose of checking form safety design on very 
heavy forms. The test data are no longer available; however, it did have a 
definite analogy to the data presented in the committee report. 


Most form pressure tests are based on the theory that the form is a rigid 
body and does not deflect under load, which is theoretically correct but 
never obtained in any but special cases, such as a circular steel column form. : 
Wood to wood and wood to steel bearings compress under the normal form 
clamps. Deflection between studs and between walers occurs even though 


in small amounts. Large steel forms designed for heavy construction with 


trusses and channel walers obviously cannot be economically designed to 
completely prevent deflection. 


ae Fa 
*Member American Concrete Institute, General Manager, Southwest Structural Concrete Co., San Diego, Calif. 


Tie 


1338 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1959 


This was borne out in a series of large scale tests conducted in connection 
with form pressures and form design for large movable steel forms for sloping 
side walls of a spillway structure. Briefly, the forms were cantilever trusses 
anchored to the floor slabs and concreted in alternate sections with the “fill- 
in” forms tied down at the top to insure alignment. Deflection was estimated 
for the first placement by calculation and later by actual measurement and 
allowed for in setting the free standing forms. 

Pressure cells were inserted at various points on the face of the form and 
independently mounted vernier micrometers of the plunger dial type placed 
on the outside of the forms to measure deflection. Pressure cells were also 
inserted at the same elevations on the ends of the previously cast walls where 
no deflection was possible. 

The cells mounted on the solid concrete followed closely the hydrostatic 
heads at 150 lb per ft for up to 2 hr of concreting, which was normally at a 
rate of 4 to 6 ft per hr under heavy vibration. The face form pressures, 
however, built up as expected for about 30 min or 2 ft of head, whichever 
came first, on a straight line regardless of deflection. From then on pressures 
increased in an inverse ratio to the measured deflection, all other things 
being equal. Pressure usually dropped to mene zero at the end of 1 hr with 
deflections at any point approaching 14 in.; however, there was never any 
indication of the form actually leaving the Tons of the concrete. 


Considerable thought was given to the relation between deflection a 
form pressures since it appeared that work energy entered into the picture 
due to resistance of the concrete to change of shape when deflection, no 
matter how small, occurred. Varied rates of placement did not effect the 
pressures directly as would be expected based on time of set but seemed rather 
to be partially compensated by an increasing angle of friction due to internal 
pressures from vertical loading. Since the tests were made primarily to 
investigate the safety of the form and tie down designs and proved to our 
satisfaction that deflections within the system would compensate for any 
variations in rate of placement, temperature, etc., under normal operating 
conditions, no further testing was carried out. Informal discussions with 
soil engineers on the project did indicate that our results for initial periods 
were consistent with what might be expected from uncemented granular soil 
masses under the same conditions. . 

I believe that the results of the above limited tests at least indicate a con- 
sistency between the USBR column tests, which produce a straight line 
increase; Rodin’s and Macklin’s experimental curves for maximum pressure, 
which I assume were on normal wall forms and square columns where some 
deflection occurs; and Economy Form Co.’s designing around deflection of 
members. 

The writer believes that the recommended formula is excellent for rigid 
column forms under high rates of placement and for architectural concrete 
where highly plastic mixes, relatively slow rates of placement, and forms 
designed to prevent deflection are a normal requirement. It is believed, 


‘ 
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however, that for ‘engineering concrete,” the loading is probably a moving 
triangular load with the maximum pressure at the effective depth of vibration 
and the shape of the triangle dependent on the angle of friction of the con- 
solidated mass under the load of concrete above and the permissible deflection 
of forms. Tests and engineering data developed by the large form manu- 
facturers surely will tend to prove or disprove this theory. 


in 


. By ROLF SCHJODT* 

“* : 

A ACI Committee 622 has made an interesting study of the variables in- 
* fluencing concrete pressure on formwork, and given an illuminating comparison 
= ~ between the various formulas proposed for calculation of the pressure. 

“3 For the pore water pressure, the committee remarks that “this variable 
a may well prove to be a better approach to the more accurate resolution: of 
- lateral pressures, but the committee is hesitant to recommend it until more 
ds basic research has been done.” 


In the opinion of this writer it is impossible to arrive at a formula for form 
pressure which is even approximately correct under all circumstances with- 
out taking into account the pore water pressure. When all factors are equal, 
with the exception of this last, the maximum pressure on the formwork may 
vary between, for example, 150 and 500 psf. This difference can not be found 
by calculation if the pore water pressure does not enter into the formula. 
In the writer’s ASCE paper? it was considered necessary to use the value 
for the depth of the vibration effect in the formulas. This made them more 
complicated, and moreover, this value is difficult to fix with any certainty 
where the concrete is vibrated. 

Later experiments showed that the above is not necessary, as the depth of » 
the vibration effect appears in the coefficient \, which gives the relation of 
lateral pressure to vertical pressure (and also in x). In the two curves shown 

in Fig. B and C it will be seen that the vibration was sufficiently strong to 
transform the concrete to the liquid state after 2 and 2.5 hr for a depth of 
concrete of 5 and 2.6 ft. ; 

The formula now becomes much simpler. ‘Thus, using the same notation | 
as in the committee report, the formula for maximum pressure cited by the 
committee becomes: 
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However, for practical use this can still be simplified, if we enter with the 
values of the symbols. Thus, we can write for vibrated concrete (with \ = 1) 


38 4 2400 k Rt 
Dr a 150 — 63 x 


—— *Norwegian Building Research Institute, Blindern, Norway. 
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and for nonvibrated concrete (A = 0.5) 


nes = (19 $7.8.) 1+ Rt 
Pmaz = © ‘. K 63 x 


The value of x, the ratio of pore water pressure head to height of concrete 
above the point in question, can be nearly zero for leaky forms and can reach 
the value of 1.0 as the other extreme. Usually it is safe to take 0.8 as the 
upper limit. R is the rate of placement and ¢ is the setting time for the con- 
crete. The latter depends on the temperature and the quality of the cement. 
The writer considers it a weakness in the formula proposed by the committee 
that only the temperature is considered. As is well known, there is a great 
difference between the setting times of the various cements and using, for 
example, calcium chloride or gypsum in the mixture will change this time 
considerably, and with it the pressure. Even for cements designated as 
‘normal,’ the setting time can vary greatly. 


It is easy to measure pore water pressure, which will also give information 
about the setting time and about the depth to which the vibration effect 


reaches. Fig. D shows how these measurements are made and the simple, 


equipment needed. 
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Fig. C—Pore water pressure in 37-in. square column. Concrete pressure is greater than 
the pore water pressure 
Ly 
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Fig. D—Apparatus for meas- 
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By WASSIL WELEFF* 


Considering the rate of major and minor accidents in recent years oc- 
— eurring during the building of concrete projects, the importance of the work 
of Committee 622 is more timely and necessary than ever before. 

It is of great importance to the public welfare that engineers fill the gap 
in most of the building codes with provisions for design and construction of 


ee *Member American Concrete Institute, Albert Kahn Associated Architects and Engineers, Inc., Detroit, Mich. 
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formwork in an engineering manner. The committee is to be congratulated 
for its efforts in bringing this matter to public attention, helping in stimulating 
discussions, and in making some recommendations. 


The safety of a structure depends not only on the magnitude of the loads 
assumed to be acting but also to a great extent on the manner these loads 
are carried down to safe foundations. Undoubtedly it is important to find 
the magnitude of all the probable, accidental, and actual forces as well as to 
provide adequate means of transmitting their effects to the ground. If 
failures are occurring, these are mostly due to oversight or underestimating 
some of these factors, rather than to the magnitude of the forces themselves. 
Once a force is recognized, the duty of the design engineer is to take adequate 
care of it. 


The report deals exclusively with the magnitude of the lateral pressure 
of the concrete on the formwork. There are a number of other factors and 
forces, next: to the vertical load due to the dead weight of the concrete, which 
should be accounted for in the design of formwork: wind, earth pressure, 
earthquake, mechanical destruction of members, and the like. 


It is felt that the committee report should have outlined the scope of the 
recommendations they are intending to make. Briefly the provisions should 
be classified in the following groups: 


A. Scope—General information and limitations 
a. Purpose of formwork 
b. Material used: steel, wood, plastic, ete. 
c. Inspection 
B. Loading conditions 
a. Assumption for the loads 
b. Factors influencing the loads 
c. Load distribution (account for placing of concrete on one side of the structure) 
d. Manner of carrying these loads to the ground 
C. Design provisions 
Allowable stresses 
Connections 
Limitations regarding the deflection 
Causes of deflection 
Stability 


D. Safety provisions 


Po. OP 


a. For formwork above ground 
b. For formwork below ground 
ce. For adjacent structures 


Without going into detail it is assumed that certain work listed above is 
done or intended to be presented by the committee in the future. It may 
be helpful to engineers, however, to know the extent of the committee work, 
to allow them to concentrate their discussions on the presented subject only, 


and not to repeat suggestions which may be already a part of the basic work 
of the committee. 
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Fig. E—Effect of time on form 
pressure 
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Under the above classification the report covers only a part of paragraphs 


-B(a) and (b), namely: loading conditions, assumptions of the loads, and 


factors influencing the loads. Before discussing the committee’s formula 
and recommendations, a general discussion of all possible, actual, and acci- 
dental loading conditions for a broad variety of formwork would be desirable. 
There are entirely different forces acting upon a formwork for, let us say, 
concrete pavement, or flat slab construction, or a grain silo. A careful analysis 
should be made regarding the possibilities of certain accidental loads such as 
wind loads, water pressure, ice pressure, earthquake, construction live loads, 
dynamic effect of rolling material, explosions, and destruction of certain 
members. Consideration should be given those loads and recommendations 
made regarding the assumptions of their magnitude and, provisions should 
be made for their safe transmittal to the ground to safeguard the structure 
against damage or destruction. 

- The formula recommended for the pressure on the formwork is truly simple 
but it tends to confuse the real problems involved. The variables are reduced 
to a minimum compared with the recommendations of Rodin, or Hoffman, 


4 E but there are other limitations imposed, such as the arbitrary rate of placing 


concrete of 7 ft per hr and the maximum values of 3000 psf for columns and 
2000 psf for walls. The simplifications on one hand are curtailing the clarity 
of the problem and the introduction of some new coefficients (Ci and C2) 
are actually complicating it. The tendency of having simple and practical 
formulas is good but should not be permitted if confusion is invited. 


Another item which should also be considered in the proposed formula is 
the time element. It is known that the concrete mix hardens when time © 


elapses. Freshly mixed and deposited concrete behaves more like a liquid 


— mass (see Fig. E). The hardening process starts pretty early and is different 
for different concrete mixes. Thereafter the concrete mass behaves more 


like a rigid body and the formwork pressure is maximum at a certain time. 


It is therefore not necessary to consider the whole formwork pressure for the 
entire depth of high walls or columns. 
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COMMITTEE CLOSURE 


The discussions of Messrs. Macklin, Montgomery, Schjédt, and Weleff, 
together with numerous informal discussions and letters of members are 
greatly appreciated. They emphasize the interest and importance of the as- 
signment undertaken by Committee 622. In addition the committee is in- 
debted to Mr. Macklin for the additional bibliography and history he has 
furnished. 

To answer some of the general questions raised in several of the discussions 
we will restate the objective of the committee. This is simply: “to report on 


and suggest a specification, or code, for recommended good practice for con- 


erete formwork.” The achievement has proved a trying and difficult task. 
The committee was first organized in 1955 and Harry Ellsberg was appointed 
chairman. At that time nine subcommittees were appointed for the purpose 
of correlating data and studying recommendations for the design, construc- 
tion, and inspection of formwork. To answer Mr. Weleff’s questions they are: 


Subcommittee No. 1—Pressures on Formwork 
Subcommittee No. 2—Construction Practices 
Subcommittee No. 3—Preparation of Comprehensive Recommended Practice 
Subcommittee No. 4—Form Materials 
Subcommittee No. 5—Bridges 
Subcommittee No. 6—Mass Concrete, Prepacked Concrete 
Subcommittee No. 7—Shell Structures and Precast Concrete 
_ Subcommittee No. 8—Architectural Concrete 
Subcommittee No. 9—Underground Structures 
Subcommittee No. 10—Concrete Form Failures 


The above committees regularly report on their respective programs; 
when recommendations are formulated they are published as was done in 
the report ‘Pressures on Formwork.’’ The majority of Mr. Weleff’s com- 
ments pertain to the work of Subcommittee No. 3, and we welcome them 
and similar suggestions from anyone interested in our problem. Published 
reports of Subcommittees No. 2 and 10 are also available from ACI head- 
quarters,**** and information on the current progress of the others may be 
had from Mr. Ellsberg. 


We believe an error in the published equations on p. 189 has contributed 
toward Mr. Weleff’s conclusion that they are confusing. The formulas in 
the middle of the page should read: 


CR 
p= r(1 +S) 


and 
60R 
=] path 
Pp 50 (1 + ) 


The following questions can be answered by repeating or clarifying basic 
assumptions made in the report: 


——————— inn as 
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(a) It has been called to our attention that the committee’s report im- 

plies that deep vibration, revibration, and external vibration are inadvertant 
-malpractices which should be avoided. This was not intended. Currently 
developing reports of ACI Committees 605, 609, and 614 make reference to 

the benefits of revibration, in some cases including vibration at depth. Nor- 

mal vibration, generally considered to be effectively complete when consider- 

able amounts of air cease bubbling to the surface and mortar just. begins 

to flush to the top,*! has been included in the recommended formulas. We 
believe forms designed with these formulas will be adequate for revibration 

as long as the concrete remains in a fairly plastic state, say up to 2 hr after 

4 mixing, and the revibration does not extend to depths greater than about 
~ Aft. The committee does not have data on form pressures where revibration 
at depths greater than 4 ft has been practiced. One reason for an increase 
in pressure is discussed in a later paragraph. External vibration, far from 
(e being a malpractice, is the accepted norm in many cases, such as in the manu- 
facture of concrete pipe. However, this formwork is designed accordingly, 
-___and the proposed formulas do not apply. 
g (b) We agree with Messrs. Schjédt and Macklin that the type of cement 


- and the use of admixtures will vary the setting time and therefore the lateral 
a pressures. However, on p. 177 under “Type of cement” we stated that Type 
e I cement was used by most investigators and, therefore, would form the basis 
"a for the conclusions and formulas recommended. We do not have sufficient 
data, at present, to include the effects of this variable. 

4 (c) The formulas proposed in the report represent the maximum lateral 


pressure at any elevation in the form under the prescribed conditions of tem- 
perature, rate of placement, type of cement, vibration, weight of concrete, 
and slump. This, we believe, is the pressure to be used in designing form-_ 
work. Mr. Montgomery’s belief that the loading is a moving triangular load, 
Mr. Weleff’s recommendation to include a time element, and Mr. Schjodt’s 
equation which gives the pressure at any point, offer solutions of general in- 
terest and further the understanding of lateral pressures. We believe vari- 
ation of pressure at a given point with time to be beyond the scope of the 
committee’s needs, and again recommend Mr. Schjédt’s paper! as the most 
informative on this subject. 

(d) Although it was not clearly stated in the report, the formulas and 
discussion pertain to structural concrete. As noted by Mr. Montgomery, 
engineering concrete (we have termed it mass concrete) has properties and 
requirements with regard to formwork that deserve special consideration. 
His very helpful discussion has been called to the attention of Subcommittee. 
No. 6. . 
Other questions can best be answered by an additional discussion of the 
internal properties of the mix and the effect of the mix on the form. 

Mr. Macklin’s hypothesis concerning the action of solids suspended in 
grout is an excellent one in view of current knowledge and agrees well with 
that discussed by Messrs. Tuthill and Davis. Weé would like to add that 


haa 
ay 


1346 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE June 1959 


perhaps the reason that the solids are suspended in grout for an appreciable 
time is the inability of the free water in the grout to readily escape from the 
voids between the aggregate and cement particles. With time, some water 
is absorbed by the cement particles and some seeps through the matrix, 
thus reducing the pore pressure so that the entire superimposed weight of 
the mix is eventually carried by contact between the solid particles. Further 
vibration results in greater densification of the solid matrix and returns the 
pore pressure to the maximum value because of the decrease in volume of 
voids. Finally, the solids are in the most stable configuration possible for the 
construction method being used, pore pressure decreases as the cement is 
hydrated, and insufficient water is present to fill the voids. Such a hypo- 
thesis explains the effect of pore pressure as measured by Mr. Schjédt and the 
increasing angle of friction discussed by Mr. Montgomery. If we assume that 
the forms are reasonably watertight, as stated in the report, Mr. Schjédt’s 
factor «x is equal to unity. If the forms are not reasonably watertight, the 
factor x is less than unity and can only be evaluated after additional research 
has been done, as suggested by the committee. 


, 


a ee Rid 


FO mee 


Since the form design must be based upon the greatest pressure at each 
point (actually the envelope of maximum pressure along the form) the vari- 
ation of pore pressure with time at a particular point is somewhat academic 
for the problem at hand and will not be discussed further. 

Although a knowledge of what is happening in the concrete mix is highly 
important to explain the various test results, the action of the mix against 
the form is the problem with which we are dealing. Consolidation of the 
concrete is not the result of vibration alone or of the superimposed weight 
of the mix alone but is due to a combination of the two. In addition, internal 
mechanical vibration not only results in a more stable arrangement of the 
aggregates but also causes a wedging action tending to force the forms apart. 
Therefore, concrete confined in a narrow space by forms will exhibit different 
properties than mass concrete which might be thought of as being restrained 
along a semi-infinite boundary. We have recommended that the proposed 
formula be used only for column and wall forms with controlled rates of place- 
ment and plastic mixes, with which Mr. Montgomery agrees, but have left 
the problems of mass concrete for another subcommittee. As the mix rises 
in the forms, the total pressure spreads the forms laterally until the entire 
form and form ties adjust to carry this load. The deflection of the form, a 
function of the pressure from the mix and the elastic properties of the form, 
is more pronounced in cantilever forms than in column or wall forms, as dis- 
cussed by Mr. Montgomery. Finally, as pore pressure decreases, the total 
force on the form decreases, but the form is held in a deflected position by 
the concrete matrix. The fact that force is required to loosen form tie nuts 
or clamps indicates that the pressure does not go to zero. 


Assuming that vibration is complete along the form and that the form 
deflects to resist the load, the compression which occurs in walers, studs, and 
shims is not important if the major portion of the deflection occurs as the 
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load comes on the form. Erratic tie rod tensions which complicate an analy- 
sis of the results could be caused by overtightening of some rods, thus loos- 
ening others; weak or improper splices of studs, walers, or lateral bracing 
against the forms; and localized vibration of the mix. 


In view of the above, we feel that Mr. Macklin’s statement: ‘“The formulas 
shown in Fig. A as straight or slightly curved lines are based on the suppo- 
sition that termination of the fluid behavior of concrete is dependent on the 
chemical action of the cement...” is incorrect. The formulas shown are 
based on field or laboratory measurements of actual pressure on the forms 
and do include the effect of all variables, but the results have been plotted 


in terms of rate of placement, temperature, and pressure only. 


We also feel that Mr. Macklin’s statement that an increase in cement causes 
an increase in pressure and that an increase in water causes a decrease in 
pressure is partially correct and needs further clarification. If a mixture of 
aggregate and water were to be placed in the forms as might occur with pre- 
packed concrete, point contact between the coarse particles would be im- 
mediate, and the lateral pressure against the forms would consist of the hy- 
drostatic pressure from the water and the active pressure from the buoyant 
ageregate. This pressure would be a maximum in the lower portion of the 
form, would be a function of the total height of the placement, and would be 
independent of the time involved. 


On the other hand, if the same procedure is repeated with cement particles 
added to the mixture, water will become trapped in the voids as the concen- 
tration of cement increases so that the aggregate is temporarily suspended 
in the grout, thus increasing the pressure in the grout which in turn increases 
the pressure on the form. However, the point of maximum pressure is no 
longer near the bottom of the forms but actually moves up the form depending 


on the rate of placement and temperature. Thus the location and magnitude 


of maximum pressure are in no way related in the two procedures. More- 
over, a point would be reached when the addition of cement would have little 
effect, especially since its dispersing properties are counteracted by setting 
qualities. 

We do not agree with Mr. Montgomery that ‘most tests are based on the 
theory that the form is a rigid body and does not deflect under load.’ Most 
tests have been made with the use of various types of pressure cells to measure 
the pressure acting at selected points, and such pressures must include the 
effect of deflection of the forms. Mr. Montgomery’s statement, ‘Since the 
tests were made primarily to investigate the safety of the form and tie down 
designs and proved to our satisfaction that deflections within the system 


- would compensate for any variations in rate of placement, temperature, etc., 


under normal operating conditions, no further testing was carried out,” is 
informative but is not applicable to propped cantilevers and panel type forms 


or where retarding agents are used. 
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DATA NEEDED IN THE FUTURE 


Since we are actually dealing with form design, we should be concerned 
with the load on the form. The committee felt that a scheme using meas- 
urements from pressure cells was not as suitable as one gaging the actual 
tensions in the tie rods. With the total load known, a suitable distribution 
of lateral pressure, such as uniform pressure on a horizontal line, could be 
assumed, and the form could be designed. Because of possible variation in 
initial tie rod tensions, elastic properties of the form, location of splices, and 
other variables, we cannot expect to obtain results from a few tests. How- 
ever, as mentioned in the report, a large number of future tests would serve 
to establish an envelope of pressure or perhaps a weighted value of pressure 
if the latter is more desirable. 

The Research Division of the Hydro-Electric Power Coniiakan of Ontario 
has developed a measuring device to be mounted directly on the tie rod. This 
device is being used in Canada, and it is easy to install and to measure the 
load. It consists of a heavy U-shaped member which is mounted on the tie 
rod and deflects as the lateral pressure is applied. A portable dial gage is 
used for measuring the deflection of the open ends of the U-shaped members. 

The committee hopes that this, or a comparable device, can be made avail- 
able to the construction industry, perhaps by loan from ACI or other inter- 


ested groups. In this way a limited number of tie rod tensions could be ob-: 


tained on any form and the data could be collected and analyzed by one 
agency. 

By means of this device the questions pertaining to external vibration, 
deep vibration, type of cement, and pore pressure could be reconciled. Then 
the proposed formula, which is presently based on current practice and tests 
to date, could be expanded or revised as necessary. 


In closing, the committee recognizes the shortcomings of the proposed form- 
ulas as reiterated in this discussion. However, it did not seem practical to 
delay the adoption of a uniform standard which we felt would give satis- 
factory results. Moreover, it serves as a basis for present study and future 
modification. We feel that the following statement by Shunk (Engineering 
News, Sept. 9, 1909)*! pinpoints our problem: 


“T am far from claiming absolute accuracy for the results obtained, but I think 
they are sufficiently exact for the purpose, which is not to establish a theory of molecular 
physics, but only to find a practical rule for determining strength of forms or rate sl 
filling.” 
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Disc. 55-32 


Discussion of a paper by A. C. Scordelis, T. Y. Lin, and H. R. May: 
Shearing Strength of Prestressed Concrete Lift Slabs* 
By A. H. BROWNFIELD and AUTHORS 
By A. H. BROWNFIELD} 


The writer initiated this testing program by a memorandum to C. M. 


_ Herd, chief construction engineer of the Division of Architecture, on July 18, 


1955. The necessity for such a program became obvious due to a lack of 
actual test data while reviewing a contractor’s proposal to construct a pre- 
stressed lift slab at Vacaville, Calif. 

My comments will be limited to testing procedures as observed by a struc- 
tural engineer rather than from the point of view of a research engineer. As 
a sidelight, one of the basic differences of opinion was the matter of ultimate 
loads and failures. To the writer, a test structure has failed when it becomes 
useless or hazardous. The researchers desired to carry all tests to destruction. 
After observing several tests, we might define the useful limit of a structure 
as the point where the laboratory starts to remove their valuable testing 
equipment from below the specimen being tested. The following comments 
are not intended as criticism. 

It is easy to propose a testing program, but from that point on it becomes 
a problem in cost, number of tests, time, and results to be expected. The 
module was established to conform to previous tests, so that comparisons 
could be made. This in turn limited the collar size, and it was made suffi- 
ciently rigid to serve several times during the program. The collar also needed 
to be rigid so as to eliminate its effect on the model, as we were primarily 
interested in testing the concrete rather than the stresses in the collar. We 
feel that fabricated collars should be of nearly uniform stiffness around the 
perimeter of the columns to avoid local overstress in the concrete and avoid 
cracking. 

The scope of the tests was established after several conferences, since we 
were desirous of specific information in a rather limited useful range. The 
researchers desired a broader field for establishing valid limits when drawing 
conclusions. Some specimens were underreinforced and others overrein- 
forced, in terms of what we would design on our contract plans. The method 
of reinforcement necessarily varied somewhat from field placement due to 
the small specimen size. The supporting frame was quite rigid and the speci- 
mens deformed as usual, so that they approached a condition of a short strip 

*ACI Journat, V. 30, No. 4, Oct. 1958 Oa V. 55), p. 485. Dise. 55-32 is a part of copyrighted JoURNAL 
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loading on four sides, which appears unrealistic. Later tests indicate a con- 
centration of moment at the columns, and in an actual slab this could be the 
full width of these specimens, rather than the center portion. 


If further tests are made for this type of structure, some thought should 
be given to larger circular specimens tensioned in a bed to maintain the usual 
square pattern for the strands. A circular loading collar and loading frame 
would probably be more realistic than the square frames used, since the square 
collar frequently approaches too close to the edge of the specimen being tested. 


The writer feels that the tests served a useful purpose in spite of their 
shortcomings, and that the conclusions are realistic and perhaps consery- 
ative for short-time loading. This is somewhat confirmed on actual struc- 
tures where unknown loads are frequently imposed on the slabs during the 
lifting operations. The tendency for lift slabs to hang up on dowels, which 
impose local deflections while lifting, has been noticeable on occasions. No 
tests have been made with large holes adjacent to the collars, and this practice 
should be discouraged until factual data are available. 


AUTHORS’ CLOSURE 


The authors appreciate Mr. Brownfields’ comments on their paper, espe- 
cially since he took such an active part in the planning of the research pro- 
gram. Shearing strength of lift slabs had interested the authors for several 
years and they welcomed the opportunity provided by the Division of Archi- 
tecture to investigate this problem. The authors feel that both structural 
engineers and research engineers in the field of structures have the same ulti- 
mate objectives in mind with respect to a research program. Research should 
be aimed at giving us a better understanding of the factors influencing strue- 
tural behavior and strength, thus leading to better and more economical 
designs. 


Mr. Brownfield’s definition of failure ‘...a test structure has failed when 
it becomes useless or hazardous’ does not agree with the usually accepted 
definition of failure, although it is correct from the point of view of service- 
ability. The ACI-ASCE joint committee on ultimate strength design* based 
their equations and ultimate load factors on tests which measured the ulti- 


mate load capacity of many specimens. The point at which a structure be-— 


comes useless or hazardous is subject to individual interpretation, whereas 
the ultimate load capacity can be impartially measured. When the load 
factors for design are selected, the behavior of the structure under all probable 
loads must be considered along with factor of safety against complete collapse. 


Mr. Brownfield says “It is easy to propose a testing program...”. “Obe 
taining the maximum amount of new useful information within the limit of 
available time and funds is not so simple. The authors felt that basic in- 


*ACI-ASCE Committee 327, ‘Ultimate Strength Design,” ACI J i 
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formation on the behavior of lift slabs in shear utilizing a wide range of vari- 
ables was desirable. They also felt that tests in the rather limited range of 
past and present lift slab designs would not give sufficient information re- 
garding the effect of the various variables on the shearing strength of these 
slabs. The specimens were chosen to investigate the effect of amount of pre- 
stress, concrete strength, slab thickness, collar size, and recessing of the collars 
upon the behavior and ultimate strength. 

The test arrangement of a square slab simply supported on all four sides 
was selected for two reasons. First, the authors agreed that it was impossible 
to simulate actual conditions, but decided that the selected test arrangement 
fulfilled the major requirement of similar moment condition at the lift-slab 


eollar. Second, the size and shape of the specimens agreed with the rein- 


forced concrete slabs tested by Elstner and Hognestad? so that the shearing 
strength of prestressed and reinforced concrete slabs with lift-slab collars 
could be compared with reinforced concrete slabs with concrete columns. 
A circular specimen, as Mr. Brownfield suggests, was considered. The 
slight advantage it might have had was ruled out on basis of cost in an attempt 
to get the maximum number of specimens with the funds available. 
Larger specimens were also considered and rejected for two reasons. First, 


~ it would have been almost impossible to make the larger specimens fail in 


shear before flexure failure occurred. Mr. Brownfield will note that many 
of the load-deflection curves reported by the authors show that the failures 
are predominately of a flexural nature. Second, although a special loading 


frame could have been constructed to accommodate larger specimens, it was 


desirable to use the available 4,000,000-lb testing machine (one of the world’s 
largest) the bed of which limited the size to about that used. 

The authors recognize that other problems such as the effect of large holes 
adjacent to the collars and the shearing strength of the slabs at exterior col- 
umns require additional research. It is hoped that the investigation reported 


in the present paper has been a first step in the solution of this interesting 
and complex problem. 


) ae 


; 
a 


2 
Dise. 55-33 
(Also 55-5, 55-16, and 55-22) 


Discussion of a four-part series by James E. Backstrom, Richard W. Burrows, 


Harry L. Flack, Richard C. Mielenz, and Vladimir E. Wolkodoff: 


; Origin, Evolution, and Effects of the Air Void 
System in Concrete” 


By LEVI S. BROWN, M. SPINDEL, BIRGER WARRIS, and AUTHORS 


By LEVI S. BROWN{ 


Personal experience now totalling a mile or more of linear traverse air meas- 


4 urement in concrete permits the venture of a few comments, mostly by way 
7] of answer to three or four questions commonly raised. 

a 1. How do you distinguish entrained air from entrapped air? You don’t. 
‘The survey represents a summation of all void space observed. For one thing, 


there is no secure way to establish a size range distinctive between the one 
and the other. Even if a critical size were established, the true diameter of a 
void is not always perceivable on a random section. For another thing, meas- 
urement of air in hardened concrete in practical effect commonly is made as 
a check against air as determined by pressure meter in the fresh concrete. 
Air indicated by the pressure meter is a summation of all void space. The 
pressure meter does not distinguish between entrained and entrapped air. 

2. How do you distinguish water voids from air voids? This is a question 
frequently asked. Water voids, readily recognizable as such, are rarely en- 
countered in good concretes. Where they appear, they practically always 
-are in the form of thin, shell-like openings resulting from subaggregate bleeding. 
They are readily recognizable as such, and in the traverse are ignored. 

3.. Why not work with photomicrographs, with magnifications possibly 
secured or increased by enlargement? That has a dual answer. For one 
thing, it is almost impossible to secure an opera 
crete sufficient for adequate statistical representation. Also, perfection of 
surface preparation still is required, as well as visual scanning of the surface 
to locate a suitable field. Another matter concerns a feature less generally 
known. A photomicrograph represents essentially a monocular view directed 
normal to the surface. It is disconcerting to discover how ineffectual it can 
be to perceive some of the voids in the surface by this approach. That holds 
even for direct visual observation, let alone trying to make appropriate 
distinction on the photographic print. 

V. 55): No. 1, July 1958, p. 95; No. 2, Aug. 1958, p. 261; 
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Such uncertainty is reduced substantially to zero in surface scanning by 
stereoscopic binocular with illumination from one direction only and incident 
at a low angle, around 30 deg from the horizontal. With this arrangement, 
and a suitably prepared surface, it is possible to come pretty close to the im- 
possible in ready recognition of air voids, not only as they are intrinsically 
small, and they can be perceived down to 15 microns or less, but also in the 
more difficult aspect of smallness by virtue:of sectioning close to the bottom 
of the void. Perfection in perception of the latter is impossible. That is of 
little moment with respect to total air, but it is a matter of perhaps critical 
significance in studies of size and distribution such as presented by these 
authors. 


4. It is well to visualize the Rosiwal method in the more general approach 
offered by Rosiwal. Suppose one could be a Maxwell demon, of a sort that 
could roam completely at will in any direction, looped, curved, or otherwise, 
within the confines of a heterogeneous solid. Separate summation of dis- 
tances pursued in the several components, as related to the total distance, 
suffices to determine the volume proportion of each, assuming a statistical 
sufficiency in total length. Physically, a plane section offers the only easy 
entry to the interior. Here again the path traced on the plane can be any 
sort of devious route, but practical application is most convenient by straight 


line. Since a continuous straight line of sufficient length is impracticable, . 


the integration is made along a series of parallel straight lines across the avail- 
able specimen, the arbitrary spacing being such as to afford a sufficient total 
length and representative covering of the plane. 


As noted by the authors, a total traverse length of 8 to 10 ft is usually 
sufficient with concretes of 114-in. maximum size aggregate. Experience has 
shown that this length is not always enough for secure statistical represen- 


tation of entrapped air. In the absence of entrapped air, an even shorter 
total length may be sufficient. 


All of this is by way of emphasizing the niceties required for accurate in- 
tegrations. This is really a precision operation. The random plane must be 
a plane, and the random line must be a line, in the mathematical sense. Prep- 
aration of such a plane on a concrete surface requires meticulous methodology, 
and settings on void intercepts, numbering in the hundreds for a single in- 


tegration, along the line must be precise. Otherwise, the eventual summations 
are without merit. 


5. All of which, in turn, is a way of emphasizing for the benefit of the 
reader one feature that modesty forbids to the authors. The reader should 
be made aware of the patient and painstaking care that has gone into acqui- 
sition of a literally prodigious volume of observational data here presented. 
One may agree with these authors in the assertion that much still remains 


to be done, but that in no way lessens the merit of high compliment for what 
they have accomplished. 
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AIR VOID SYSTEM 4355 


By M. SPINDEL* 


This discussion of Part 3 of the series refers also to Parts 1 and 2. 

The writer will not deal with the many important details given in these 
papers but intends to give a general survey of what has already been achieved 
with air-entrained concrete in theory and practice since it started in the 
United States and what is still left to be done, to which the authors of this 
paper certainly are competent to contribute a great deal. 

The influence of air voids on the properties of structural concrete have 
been dealt with by many research engineers, such as Feret, Talbot, Richart, 
and the writer. These investigations showed without doubt that air voids 
reduce strengths and other important qualities of concrete. 

When the beneficial effect of air-entrained concrete was discovered in the 
United States, it at first seemed to be the idea on some jobs that the more 
air entrained the better. Certainly at the same time as other concrete en- 
gineers in the U. S. did, the writer in a discussion of the paper “Function 
of Entrained Air in Concrete’’ pointed out [ACI Journat, V. 14, No. 3, Nov. 
Supplement 1943 (Proceedings V. 389), p. 544-1] that the air-cement ratio was 
of the same importance as the water-cement ratio and, therefore, both had 
to be limited and checked in the same way. This was soon solved in a satis- 
factory way by limiting the volume of air entrained in concrete to 3-6 percent 
of the volume of hardened concrete. 

Another question pointed out by the writer at the beginning was that it 
did not suffice to limit the percentage of air but that also “shape, size, and 
distribution of air pores had to be determined” (Transactions, Society of En- 
gineers, London, Dec. 1945). In that paper by the writer and R. T. Quinn, 
it was pointed out that “shape, size, and distribution of air voids should be 
tested by microscopic examinations and also by appropriate absorption tests, 
the latter giving the so called ‘saturation coefficient,’ which indicated the re- 
sistance to frost of concretes. and natural stones alike.’ This question was 
first dealt with in the U. 5S. by carrying out microscopical examinations with 
regard to air voids partly according to old methods and partly according to 
rather new methods to which work the authors referred in their paper and 
some of which they used in their own research work. 

Although everybody concerned will agree that immense work has been done 
_first in the U. 8. and later in Europe—to find out which improvements 
could be obtained by air entrainment, which agents would do best, and how 
these agents have to be used to get the most satisfactory results, the problem 
of microscopical examination of concrete has not yet been solved, not even as. 
far as it has in the testing of natural stones. 

In the writer’s opinion the properties of natural stones and concrete have 
to be compared from time to time. Some concrete engineers might be inter- 
ested to learn that as early as 1914, with the then first manufactured rapid 
hardening portland cement, high quality concrete was made which surpassed 
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the strength, impermeability to water, and resistance to weather and frost 
of most of the readily available natural stones. Soon after World War I the 
first large European dams to use concrete without any natural stone facing 
were built and these dams withstood completely the water pressure and the 
weather and frost at an altitude of more than 6000 ft without any loss of im- 
permeability or resistance to weather and frost at this high altitude. 

Nevertheless, the writer, who was responsible for the design and making of 
this rapid hardening portland cement and the concrete used, realized the dif- 
ficulties which might occur later because even the best concrete could not be 
considered to last forever and that sooner or later it might start deteriorating 
in the same way as do most of the natural stones exposed to like conditions. 

Therefore, in the writer’s opinion, concretes subjected to severe exposure 
conditions have to be tested in a manner similar to those suggested by the 
special Committee for Testing the Weathering Qualities of Natural Stones. 
At the Congress of the International Association for Testing Materials in 
New York in 1912 a paper was submitted with suggestions for carrying out 
the necessary microscopical examination which was not accepted; nor was 
the proposal for determining the water saturation coefficient accepted. 

In the writer’s opinion, the greatest progress in testing concrete will be 
achieved with the help of the microscope, as soon as the difficulties of ex- 
amining concrete in this way are removed. These lie, first, in preparing the. 
specimens of concrete containing air bubbles. If treated like metals the air 
pores as a rule are partly demolished and partly filled in with dirt during 
grinding and polishing or filled in deliberately with a red paste to be seen 
better. It is necessary to differentiate between ordinary holes and entrained 
air bubbles since only the latter are useful. Further, it is necessary to find 
out which holes of broken concrete are water-repelling and which water-ab- 
sorbing. The writer is carrying out such microscopical tests with special ob- 


_ jectives for dark ground illumination on broken pieces without any grinding, 


polishing, or etching and thus examines the whole inner surface of the holes 
of air-entrained concrete or voids. The results will be published as soon as 
satisfactory photos can be made. 

Although much useful information was given in the papers in question 
there was only one photo in the four parts of the paper showing the real struc- 


~ 


ture of the concrete investigated, and therefore some users will not benefit | 


as much as they were expected to do by the work done by the authors. 

As to the water saturation coefficient, the writer is of the opinion that it 
would still improve the excellent results obtained with many hundreds of 
freezing and thawing cycles carried out at present in all well-equipped testing 
laboratories. 

The idea of this discussion is to appreciate the achievements with entrained 
air, especially if combined with some dispersion of cement as often done re- 
cently and to point out that, although good concrete is equal to the best 


natural stones with much superiority in use, the methods of testing have 
still to be perfected. 
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By BIRGER WARRIS* 


, are to be complimented on their extensive study of the air 
void system in concrete. Considering the time-consuming task of measuring 
these air voids, the large amount of collected data is impressive. 

The Swedish Cement and Concrete Research Institute began investigations 
on the air void system in concrete by means of the linear traverse method 
in 1956. Measurements on air void systems in cement paste had been started 
earlier. The measuring method has been the main object of most of the 
studies on concrete carried out until now, but results on the influence of 
different factors upon the air void system have also been obtained. 

Before the investigation was started the linear traverse table was calibrated 
by means of specimens borrowed from the Portland Cement Association in 
Chicago, where we had previously received a description of the apparatus. 
Good agreement was found between PCA’s results and ours. We found, 
however, that air void parameters measured on specimens prepared and 
ground by us differed appreciably from the parameters determined on the 
American concrete. By our grinding method, which followed a method used 
here in geological laboratories, water was applied, and thinking that this 
solution of the cement we changed to kerosene. Table A gives 
the results; the first three specimens are from air-entrained concrete, the last 
three contain no air-entraining agent (air contents of this amount are normal 
for concrete here). The confidence interval has been calculated on 90 percent 


level. 

The values of a and L for the same specimen but for different grinding 
methods show fairly large discrepancies, especially for non-air-entrained Spec- 
imens 57101, 57111, and 57121. The high values of a gave rise to a detailed 
study of the void distribution. A camera was coupled to the switch which 
is depressed when a bubble passes the cross hair of the microscope. When 
the bubble “leaves” the cross hair, one exposure is made of the counter, which 
measures the traverse through air bubbles. Every bubble chord is thus re- 
ported and can be calculated from the film tape. By this analysis it has been 
found that the differences in a were due to a high number of chords below 50 
microns for the specimens ground with water. This experience may give an 


Swedish Cement and Concrete Research Institute, Stockholm, 
Anders, ‘“The Frost Resistance of Cement Paste 
Swedish Cement and Concrete Research Institute, 


The authors 


might cause 


Sweden. 
as Influenced by Surface 
Stockholm, 1958. 


*Research Engineer, 
+Danielsson, Ulf, and Wastesson, 
Active Agents,”’ Proceedings No. 30, 


TABLE A 
Grinding with water Grinding with kerosene 

eae Air content, | Specific sur- Spacing factor | Air content, Specific sur- Spacing factor 

percent | face a, in.-1 L, in. percent face a, in.-! DL, in. 
2M ee Oe) 380+ 80 0.013 +0.002 4.6+0.8 430 +100 0.012 +0.002 
27083 4 $20.8 580 +100 0.009 +0.001 5.0+1.0 380 + 100 0.012 +0.002 
57091 4,0+0.6 790 +130 0.007 =0.001 3.3+0.7 610 =130 0.010 +0.002 
+0.8 530 +130 0.010 +0.002 3.9+0.9 380 +100 0.014 +0.002 
ort 3 es 8 580 =130 0.009 +0.001 37d +0,9 330 +100 0.017 +0.003 
57121 2.4+0.6 760+200 | 0.009 +0.002 1,8+0.6 640 + 200 0,012 +0.002 
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impression of the delicateness of the linear traverse method. The writer 
would be interested to know if the authors have had troubles of the same type. 

Fig. A-1 gives, according to the writer’s opinion, a rather optimistic im- 
pression of the accurateness of the air content estimation. The operators 
here usually report a “standard error’ of about 3 to 5 percent air per inch 
traverse,'? which means that the standard error is about 0.3-0.5 percent air 
when the traverse length is 100 in. For the spacing factor the values are 
0.005-0.02 in. per in. traverse, giving a standard error of 0.0005-0.002 in. for 
a 100-in. traverse. Table B, giving results from a specimen measured on 
two sides, shows that by short traverses fairly large divergencies can be ob- 
tained between the average values of air content and spacing factor. For 
economical reasons it has been necessary for us to limit the traverse length 
to about 2 m (about 80 in.). The table gives 90 percent confidence limits. 

Our experiments with varying vibration time are not in concordance with 
the authors’. Using prisms 3x 3x 24 in. (horizontally cast) and varying the 
time in which the prisms are placed on the vibrating table we found the 
results in Table C. 

In this case L decreased when the vibration was prolonged to 180 sec. A 
similar effect has been observed with non-air-entrained concrete. The diver- 
gence between these results and those reported by the authors may be due 
to great differences in the consistency. The concrete referred to in Table C 


was very stiff compared with usual American concrete (5 deg of VB, or about 


44-in. slump). We have found also that the mixing time influences the void 
distribution as can be seen in Table A. The mixing times for Specimens 
No. 57071, 57083, and 57091 were 300 sec, 90 sec, and 900 see. When air 
content and spacing factor are reduced, the specific surface is increased. 

The series presents an enormous compilation of data on the air void char- 
acteristics which are of great interest. It has been encouraging to the writer 
to find that the tendencies brought out by our experiments—being far less 
extensive—are in accordance with the authors’ results on most points. We 
have thus found the same influence of water-cement ratio and of temperature 
(cooled materials). An investigation of commonly used air-entraining ad- 
mixtures has shown no significant differences between the air void properties. 

The writer would like to finish his remarks with some discussion con- 
cerning the relationship between frost resistance and void-space ratio. 


ris TABLE B 
One side, One side i i 
every other traverse irate catee Gnikees pees 
17-19 in, traverse 36 in. traverse 33-39 in. traverse 72 in. traverse 
A=4.8 +1.4 
L =0.20 +0.06 A=3.6 +#1.0 A=4.6 +1.0 
A=2.4 #1.1 L=0.20+0.05 L =0.20 +0.04 
L=0.19 +0.08 A=4.4 +0.8 
A=4.4 £1.9 L=0,22 £0.04 
L=0.21 «0.06 Zs A=5.2 41,2 A=4,2 #1,3 
A=6.0 £1.6 L =0.25 *0.05 LT =0.26 +£0.07 
L=0,30+0,.09 
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TABLE C 
Specimen Vibration time, Air content, Specific surface Spacing factor 
No. A, percent a, in.-! L, in. 
57011 30 4.2+0.9 710 +180 0.008 +0.001 
57013 180 3.0+0.7 940 + 280 0.006 +0.001 
57015 1200 3.3+0.6 990 + 250 0.006 +0.001 


Considering the practical point of view first, it seems evident that the 
spacing factor is a complicated parameter, involving an elaborate experi- 


mental procedure. It must therefore be encouraging to every concrete 


technologist concerned with frost resistant concrete to read the authors’ 
conclusions in Part 4: “A satisfactory entrained air void system in job 
concrete is assured if ‘Recommended Practice for Selecting Proportions for 
Concrete (ACI 613-54)’ is followed, provided the air-entraining admixture 
meets the requirements of ASTM C 260.. .”. Even if some small diver- 
gences from this statement may be found later the question of how to 
make a frost resistant concrete seems to be settled for the practician. The 
problem is solved by specifying an air content and a satisfactory agent. 


When considering basic research, however, much is left to do. Powers’ 
hypothesis on hydraulic pressure and Taber-Collins-Pickett’s hypothesis on 
microscopical ice segregation offer two possible explanations on the mech- 
anism acting in concrete when freezing. Both hypotheses include the fact 
that the air void distribution (as well as some other factors as permeability 
and strength) is of importance to the frost resistance, and the authors’ results 
must therefore be considered as a support to these hypotheses. 


Our studies on air-entrained concrete show that when water-cement ratio 
is greater than about 0.5 (by weight) the frost resistance (freezing and thawing 
in water) in one way or another is connected with a parameter of the form 
A/(p X w/c) where A is air content in percent, p is paste content in percent, 
and w/c is water-cement ratio by weight. The specimens show simultaneous 
loss in weight and modulus of elasticity. Air void characteristics are not known. 
Because of the correlation between water-cement ratio and spacing factor 
found by the authors, these results are in accordance with their findings. The 
writer wonders, however, how the authors interpret the variation in frost 
resistance which they have found when water-cement ratio, and, thereby, 
spacing factor vary (Part 3, Fig. 1). Is this variation due only to the spacing 
factor or has the water-cement ratio still another influence, e.g., through 
strength or permeability? When specimens are frozen in air and thawed in 
CaCl, brine we find the weight loss to be better correlated to the air content 
than to the spacing factor. This seems difficult to explain by the two men- 
tioned hypotheses. It appears to the writer that much research work is 
needed before we know how concrete is destroyed by frost, and whether 
the spacing factor is the only important parameter in frost resistance. 


To sum up, the writer wishes to congratulate the authors for the work 
derably increased. 


_ traverses to be one observation. 


— Standard deviation 


u n 0.3174 0.6531 0.9790 
Coefficient of variation, percent 30.5 29.0 20.4 
Air content (9 chances out of 10), percent 1.04£0.19 | 2.34+0.40 | 4.79=0.60 
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AUTHORS’ CLOSURE 


We are grateful to Messrs. Warris, Brown, and Spindel for their discussion 
of various parts of this series. Mr. Spindel has offered several interesting 
comments. We look forward to publication of the data and experience to 
which he refers. 

Mr. Warris’ discussion provides a considerable amount of data to supple- 
ment those in our papers. We have not explicitly evaluated the differences 
indicated in the parameters of the void system when different methods of 
preparation of the ground surfaces are employed, but it was readily apparent 
in our early work that the quality of the surface markedly influences the 
determined value of specific surface and spacing factor, primarily because 
rough surfaces destroy the smallest void sections, so tending to decrease the 
value of a and increase the value of Z. Void sections less than 50 microns 
in diameter are especially susceptible of obliteration. 

Table A indicates that substitution of kerosene for water as the grinding 
medium consistently increases L and, for all specimens but one (that with 
minimum a for water grinding), decreased a. In spite of the fact that water 
would appear to be unsatisfactory as a grinding medium because of the 
possibility of softening and leaching the concrete, experience indicated to us 
that water was superior to both oil and ethylene glycol as a grinding medium 
primarily because of the difficulty involved in thorough washing of the sur-- 
faces to remove the abrasive material following successive stages of grinding. — 
Such residual abrasive not only impairs the development of a plane, scratch- 
free surface, but also the particles clog and conceal small air voids. It is 
possible that the effect observed by Mr. Warris resulted at least in part from 
these phenomena, 


In view of Mr. Warris’ comment on Fig. A-1, the statistical analysis (Table 
D) is presented for the data from which that figure was constructed. 


The data in Table D and Fig. A-1 were obtained by linear traverse on one 
surface of each specimen over an area of approximately 4x 4in. The traverses 
were spaced 0.08 in. apart. The concrete contained 34-in. maximum size 
aggregate; water-cement ratio = 0.51 by weight; all specimens were well 
vibrated. The above statistical analysis assumes each four consecutive 


The results are not as “optimistic” as may appear from Fig. A-1. 


Concerning Mr. Warris’ discussion of the effect of vibration of concrete 
on the parameters of the void system, we did not evaluate the effect of external 


TABLE D—STATISTICAL ANALYSIS 


Specimen A | Specimen B | Specimen C 


_ Air content (99 chances out of 100 » percent 1.04+0.40 | 2.34%0.71 | 4.79+1.06 
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vibration. We would not expect the effects to differ substantially from those 
obtained by internal vibration if other properties of the concrete mixtures 
are held constant. As Mr. Warris points out, the concrete for which data 
are presented in Table C is characterized by a slump considerably less than 
that for concrete included in our investigations. Our data have shown that 
the void system is influenced by the consistency of the concrete, if other 
qualities are essentially constant. Probably, the stiff consistency of the 
4 low-slump concrete prevented the great loss of air observed for the plastic 
concrete used in our tests (compare Mr. Warris Table C with Table 6, Part 
5 3, of our report), the main action of the external vibration in Mr. Warris’ 
tests being comminution of the bubbles. 

Mr. Warris’ observations on the effect of mixing time on the void system 
of concrete are valuable, particularly because they touch on a point not 
investigated by us. As is indicated above, these results probably cannot be 
used directly to predict results to be obtained with concrete of plastic con- 
sistency, such as would yield a slump OL-2-16Del, 

We agree entirely with Mr. Warris that basic research on freezing and 
thawing durability and scaling resistance of concrete should be continued. 
His observed direct relation between frost resistance of concrete and the 
ratio A/(p X w/c), for w/c greater than 0.5 seemingly relates to the magni- 
tude of the freezable water content of concrete of moderate or high water- 
cement ratio. Under given conditions of moist curing or immersion in water, 
the freezable water content of the cement paste in concrete will increase 
as the volume of the cement paste and the water-cement ratio increase. 
With a low content of freezable water, for given spacing factor and under 
given conditions of freezing, the pressure developed within the concrete will 
depend primarily upon the permeability of the cement paste. At some higher 
content of freezable water, the pressure developed within the concrete will 
depend primarily upon the capacity of the air void system to accommodate 
the volume of water moving from the portions of the cement paste being 
frozen, that is to say, permeability and void spacing may be adequate, but 
the capacity of the air voids is insufficient. 

Spacing factor is not the only control of freezing and thawing resistance 
of concrete. Mr. Warris calls the authors’ attention to Fig. 1, Part 3, of 
our series of papers in which variations in indicated frost resistance accompany 
changes in both the water-cement ratio and L, spacing factor. It has been 
established that other things being equal, the quality of concrete, such as is 
measured by strength and permeability, decreases with an increase in water- 
cement ratio. Also, there is an optimum air content and spacing factor for 

any given water-cement ratio2° Fig. B of Reference 20 shows the effect of 
 inereasing water-cement ratio on the freezing and thawing resistance of 
concrete. At air content about 7 to 10 percent, an increase of water-cement 
ratio from 0.45 to 0.55 by weight increases the expansion per cycle from — 
4 1.5 millionths to 5.0 millionths and the number. of cycles necessary to cause 
a 25 percent weight loss for the specimens decreases from 1000 to 400. Un- 
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fortunately, we do not have the air void parameters of these concretes, but 
from similar concretes we would expect the spacing factor to be in the 
neighborhood of 0.004 to 0.006 in., a figure sufficiently small to provide good 
protection for the concretes. Since the cement, aggregate, and air-entraining 
agent used in these concretes were the same, the effect on frost resistance 
must be attributed to difference in water-cement ratio and the attendant 
physical changes, as in strength, permeability, etc., as Mr. Warris suggests. 

We are pleased to have Dr. Brown’s discussion as a supplement to our 
report. He leaves little for us to say in reference to the general aspects of 
air void traversing. Referring to the last sentence of his paragraph No. 2, 
we would like to note that our traverses include all air voids observed in the 
surfaces, including the occasional openings apparently resulting from bleed- 
ing and settlement of the fresh concrete. These are included in the analysis 
for two reasons: (1) to attempt to eliminate them introduces a subjective 
factor in the measurement and (2) such voids, once emptied of water by drying 
of the concrete or as a result of the curing and hydration process, act as air 
voids just as do “entrapped” air voids of equal surface area, even though 
both are relatively insignificant in their effect on frost or sealing resistance. 

Dr. Brown and Mr. Spindel have noted the difficulties involved in photo- 
graphing or otherwise reproducing precisely the microscopical structure of 
concrete. Actually, however, the authors and their colleagues in the Engi- 
neering Laboratories of the Bureau of Reclamation thoroughly investigated 
a wide variety of techniques for reproducing the details of the air void system 
as presented on finely ground, plane surfaces, as well as automatic (electronic) 
methods for making the linear traverse. Means of preparation of the ground 
surfaces included use of fluorescent dyes, pigments, inks, cast rubber molds, 
and impregnation by alpha-emitting polonium. None was satisfactory. 
Considerable advance was made in development of photographic methods 
_ by our colleague, William Y. Holland, particularly positive transparencies 
for electronic scanning, but it was found impossible to consistently reproduce 
the void structure of the surfaces, especially the void sections of dimensions 
approaching those of the grain of the photographic film. Also, it was found 
that the apparent dimensions of the void sections were modified significantly 
by such variables as lighting, exposure time, and details of the developing 
techniques. 

T. F. Willis has kindly pointed out an error in our citation of Reference 
18 on p. 513. The reference should be to Appendix IT of a 1949 departmental 
bulletin of the Missouri State Highway Department by T. F. Willis. This 
publication is referred to in footnote 5, p. 205, of our Reference 8. 

It is our hope that our report will contribute to more fundamental knowl- 
edge of the development of the air void system in concrete and that it may 
encourage basic research along several lines, such as the physical-chemical 
process by which surface-active agents influence the air void system; the 
influence of other types of admixtures upon the air void system; and the 
effect of ambient temperature, and of placing and finishing operations. 
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Disc. 55-35 


Discussion of a report by ACI Committee 614 


Proposed Revision of Standard 614-42: 


Recommended Practice for Measuring, Mixing, 
and Placing Concrete" 


By EDWARD A. ABDUN-NUR, J. E. GRAY, E. L. HOWARD, HARRY F. IRWIN, 
BAILEY TREMPER, WALTER K. WAGNER, STANTON WALKER, 
BYRON P. WEINTZ, D. K. WOODIN, and COMMITTEET - 


By EDWARD A. ABDUN-NUR{ 


The committee is to be highly commended for a fine piece of work. The 
expressed approach of the committee, to assemble recommendations that 
produce a “high standard of practice” rather than “common practices,” is 
realistic and progressive. Without progress, the human race would still be 
living in caves, and the committee’s policy, to stimulate progress in terms 
of modern concrete know-how and technology, through a slow discretionary 
evolution without working hardship on anyone, is desirable and wise. 

The recommendation for finish screening seems to have elicited unjustifiably 
exaggerated criticism. Two reasons appear to be behind this: (1) lack of 
familiarity with the purpose and need for this operation, and the benefits 
that result from its use; (2) fear that it will result in a large increase in the 
cost of producing concrete. 

It must be stressed that the purpose of finish screening is not to readjust 
the gradation which has been carefully produced at the aggregate plant, but 
to eliminate the variation in undersize (resulting from degradation in hand- 
ling, and dirt accumulated in stockpiling) from batch to batch, and to pro- 
vide a final remixing of the particles found in the stockpile in various degrees 
of segregation, during the final handling. This precludes any further op- 
portunity for segregation or degradation. The rejected fines can, if they 
meet specifications, be added to the fine aggregate, or be used for other 
purposes around the site, and are thus in most instances not wasted. 

Asphalt plants have for years used finish screening to help control the 
uniformity of their mixes, and no one would think of operating such plants 
without final screening immediately before batching. Is not portland cement 
concrete as worth controlling properly as bituminous mixes? 


*ACI Journal, V. 30, No. 5, Nov. 1958 (Proceedings V. 55), p. 535. Disc. 55-35 is a part of copyrighted 
JouRNAL OF THE AMERICAN Concrete Institutes, V. 30, No. 12, June 1959 (Proceedings We 5d). 

These discussions were presented or summarized at the 55th annual convention, Los Angeles, Feb. 24, 1959. 
{Member American Concrete Institute, Consulting Engineer, Denver, Colo. ; 
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Fig. A—Mixing plant showing 

rejected fines being emitted 
from pipe at right 


From the cost angle, a 1-deck, a 11%-deck, or a 2-deck screen is all that 
is needed to do the job, depending on the number of size separations required. 
In most instances, the cost of outfitting a new plant with finish screens runs 
from about $4000 to $8000. Existing plants may require minor modifi- 
cations, but simple, low-cost solutions for these have been found in most 
instances. Maintenance on screens is minor, and operating costs are low. 
Considering the number of cubic yards of concrete that can be batched 
during the useful life of a finish screening setup, even a $10,000 capital outlay 
would raise the cubic yard cost so little that the increase would be lost in 
today’s prevailing unit prices of finished concrete. 
As a result of finish screening the cost of stockpiling is reduced, the cost 
of reclaiming the bottom of the stockpile by running the material back to 


Fig. B—A three-stop batching operation employing finish screening. 
fines coming out of the chute on the right 
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and through the aggregate plant is eliminated, and the cost of delays due 
to dirty or segregated portions of the stockpile is done away with, so that 
the net result is usually a saving in favor of the finish screening. Under 
such circumstances, few plants can actually afford to be without finish 
screening. 


With increasing use of strength specifications geared to uniformity, any- 
thing that will improve uniformity and thus reduce strength requirements 
will better the producer’s profits. Under such specifications, finish screening, 
by eliminating the variation in fines from batch to batch, increases uniformity 
and thereby profits. 


The value of any operation can best be judged by the results that it pro- 
duces. On the Illinois Toll Highway (‘Control of Concrete Mixes,’’ by 
Edward A. Abdun-Nur and Joseph J. Waddell, ACI Journat, Mar. 1959, 
p. 947), it was possible to reduce the cement factor on many concrete oper- 
ations and still meet requirements because of the uniformity attained—part 
of this increased uniformity in these cases must be credited to finish screen- 
ing. The accompanying photographs give a striking indication of what finish 
screening will do. 


Fig. A shows a small prestressed concrete mixing plant with a stream of 
fines being discharged from the reject pipe on the right, and the aggregate 
feed going up to the finish screens on 
the left. A small reject pile of fines 
appears under the waste pipe. Had 
the fines been left in, the aggregate 
would undoubtedly have developed 
variations in water requirements from 
batch to batch that would have made 
good control impossible. 


Fig. B and C provide a more strik- 
ing example of such variation. Fig. B 
depicts an over-all three-stop batching 
operation. The coarse aggregate bins 
at the right were fitted with finish 
screens over the top, and one can 
readily see the stream of rejected fines 

coming out of the side chute. Fig. C 
taken a minute or so later to get a 
closer view of the aggregate operation, 
shows that the aggregate is still com- 


nyu ail Ns 


ing over the screens, but without any 
fines coming out of the reject chute— 
a definite indication that the excess 


fines in stockpile were not uniformly. 


‘distributed. Here again, a good sized 


Fig. C—Closer view of operation shown 

in Fig. B taken a few minutes later. Note 

that no fines are coming out of the reject 

chute, indicating that excess fines were 
not uniformly distributed 
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pile of reject material is in evidence. The two pictures represent random 
conditions, inasmuch as the difference in the reject chute was not noticed 
until the photographs had been developed. 


The committee’s recommendations were approved unanimously by all its 
members, by all members of the Technical Activities Committee, and by all 
the members of the Standards Committee. Under the circumstances, the 
various recommendations have had the careful study and scrutiny of a good 
cross section of the Institute. 


Attention is called to the fact that the recommendations leave the use of — 


finish screening entirely to the discretion of those charged with the indi- 
vidual project responsibility. No one is forced by these recommendations 
to use this procedure. 


In fact, all the committee is doing, is to dangle progress in front of the 
engineers and architects who design, specify, and supervise concrete con- 
struction—and in the words of L. R. Howson, past president of the American 
Society of Civil Engineers, in a speech at the 1958 Portland Convention: 
“There is no appeal from the judgement of progress.” 


By J. E. GRAY* 


The philosophy of the committee in preparing this report was that the 
recommendations should encompass the best practices known to obtain the 
best concrete possible, even though many of the recommendations are not 
in current use. While in theory this principle may be good, I believe that 
the committee has applied it beyond the dictates of experience in some re- 
spects and particularly with regard to aggregates, especially in view of the 
fact that “...the committee considers this brief statement on aggregate 
requirements an essential part of these recommendations. ..Due to segre- 
gation, breakage, and contamination during handling . . . unless coarse aggre- 
gate is placed in batch plant bins directly from screening operations, finished 
screening at the batching plant is recommended.” This implies that the 
concrete aggregates for normal structural and paving uses are not satis- 
factorily graded by producers of aggregates. Last year, Harold Allen, chair- 
man of Subcommittee C-14 of ASTM Committee D-4 on Standard Sizes 
of Coarse Aggregate for Highway Construction, reported that a study of the 
specifications of the various state highway departments with respect. to 
gradation requirements for aggregates for concretes were essentially in accord 
with Simplified Practice Recommendations R 163-48. The simplified prac- 
tice recommendations have been in use for over 20 years. They have been 
reviewed by engineers and producers with the result that the size require- 
ments provide aggregates of a gradation suitable for good quality, economical 
concrete. Actually, this latest review of the use of simplified practice sizes 
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clearly implies that aggregates being supplied for highways from commercial 
sources are being properly graded. 

The point could be made by the committee that no criticism is being made 
with respect to current. practices, but that recommendations are being made 
as to what is believed to be a better practice. Two objections raised to 
this kind of reasoning are: (1) no data are submitted to show the necessity 
of this recommendation for finished screening; (2) in its ultimate application, 
the quality of the concrete produced may be quite inferior to that being 
obtained today under the present system of procuring aggregates from 
established commercial sources. 

In my 30 years of experience with the National Crushed Stone Association, 
concrete which has been found to be in a serious state of disintegration has 
most frequently been produced with aggregates from temporary roadside 
operations. If the aggregates as commercially supplied are so poorly graded 
that the contractor has to rescreen the material as it goes into the bins, why 
should he not produce his own aggregates? In other words, the recommenda- 
tion of this committee would have the effect of encouraging all contractors to 
produce their own aggregates from roadside operations. There is no ob- 
jection to temporary or roadside production of aggregates per se. I have 
seen top quality crushed stone produced from portable roadside operations 
where the contractor was amply and properly equipped. However, in many 
roadside operations, an attempt is made to produce with a minimum of 
equipment, which is often coupled with inadequate inspection. From past 
experience, it would appear that any recommendations which would have the 
effect of encouraging roadside production of aggregates would result in 
lowering the quality of the aggregate and consequently the quality of the 
resulting concrete. 

The committee recommends effective inspection. If effective inspection 
were used in the production of aggregates and its processing into concrete, 
there would be no problem of uniformity of the concrete. This I know to be 
true from experience. While on the other hand, the recommendation to 
install equipment whose use supposedly will produce a better quality of 
conerete has a tremendous appeal to some, if by so doing, equipment might 
serve in place of inspection. Herein lies the great fallacy of this recom- 
mendation. 

The economic aspects of this problem deserve serious consideration. The 
mineral aggregate industries have been supplying aggregate with the smallest 
increase in price of any building material for many years. This has been 
brought about by modernization of plants with increased efficiency and © 
standardization of sizes.. In the past few years a number of plants have 


made a capital investment in their modernization program of $500,000 to 


$1,000,000. Some of these plants are putting into stockpiles, aggregates 
more closely sized than specification requirements and supplying specification 
sizes by feeding the proper combination of separate sizes oh-a blending belt 


as the material is being loaded for shipment. ‘The blending belt is located 


ce ee 
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in a tunnel under the stockpiles and the aggregate is fed onto the belt in 
proper proportions by automatically controlled feeders which previously 
have been calibrated. 


With the huge demand for aggregates today, the aggregates industry is 
doing a magnificent job of supplying tremendous quantities of properly 
graded aggregates complying with specifications for quality at an economical 
price. This industry deserves the support and aid of the concrete industry 
and should not be thwarted with recommendations which are probably quite 
applicable to the restricted field of large dam construction but not to the 
normal field of structural and pavement concrete. 


By E. L. HOWARD* 


We cannot believe that good handling and stockpiling practices can be 
relaxed with finish screening. Without controls careless handling surely 
follows when finish screening is used. For this reason some do’s and don’t’s 
must be specified if finish screening is recommended. Some persons have 
suggested that “hot plants” are a favorable example of finish screening. 


We have had to live with bituminous concrete for a long time. Uniformity 
of grading in hot plants is notable for its absence. Anytime a grading spec- 
ification must be met an inspector is at the plant continuously sampling; 
testing, adjusting the feed, etc. With all he might do, his combined gradings 
never approach the close control line possible in an average concrete plant. 


To emphasize the importance of do’s and don’t’s, Table A shows actual 
gradings from an airfield job. Aggregate was unloaded by clamshell from 
railroad cars, trucked to the storage area, and fed through finish screens to 
bins. The 18 percent increase in weigh-hopper undersize was due entirely 
to combined feed and inadequate screening following careless handling 
methods. Each piece of coarse aggregate was coated with wet sand. 


Some causes of “dirty” gravel at ready-mixed concrete plants are easily 
seen. The most common is spillage and over-run of sand into gravel bins 
(rescreening not of help here). Another common cause is the loading of 
coarse aggregate in unclean hoppers and bucket lines. Breakage, due to 


handling coarse aggregate with loaders and bulldozers, causes undersize and. 


fine rock dust coatings on the coarse aggregate. 


The full extent of these causes and the resulting problems in concrete 
control has been evaluated from “guesstimation” far more than from actual 


test data. The test program here reported, was begun to gather data on 
the extent and cause of contamination. 


In California the “cleanness” of aggregate going into concrete is measured 
by the cleanness value (CV) test. To make the CV test a specified amount 
of aggregate is washed by agitation in water and that portion which will 
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pour through a 200 mesh sieve is added to the standard sand equivalent 
solution in a sand. equivalent graduate to determine the cleanness value. 
A minimum value of 75 is specified. 


As long as aggregates are rinsed free of minus 200 mesh material at the 
gravel plant, there is no difficulty meeting these specifications when the 
aggregate is shipped. The 14 batch plants studied are typical of ready- 
mixed concrete plants in northern California. 


Coarse aggregate was sampled at the gravel plant rinsing screens, and at 
the batch plants as the trucks dumped, and at the weigh-hoppers. Tables 
B, C, and D show the loss in cleanness values when the aggregate was handled. 
Materials shown in Table B were handled in the normal manner at the batch 
plant. Before the tests reported in Table C were made, all handling equip- 
ment was washed clean. The reduction in CV from 75 to 55 is due entirely 
to the minus 200 mesh material rubbed loose from the aggregate particles. 


Batch Plant E receives its aggregate directly from the rinsing screens by 
belt conveyor. The abrasion due to truck or car loading and hauling or 
stockpiling is eliminated. The 34-)4-in. gravel material shows no serious 
CV loss, (Table D). However, the abrasion as the gravel moved in the 
batch plant bins reduced the CV of the 114-34-in. gravel from 84 to 56. 


At four locations sand had carelessly been allowed to overflow into the 
gravel bins. When this sand was found in the 34-l4-in. gravel at Yard 44 
(Table E), the CV was not affected. At this yard a “clean” sand is used. 
At Yard 81 only 4 percent sand caused CV failure of the 34-14-in. gravel. 


TABLE A—INCREASED UNDERSIZE DUE TABLE B—COMPARATIVE CLEANNESS 


TO FINISH SCREENING METHODS VALUES OF NILES AREA AGGREGATE 
i oe Sample CV, 14%-34-in.|CV, 34-4-n. 
ge: ee Wee taken at washed washed 
gravel gravel 
Z Wee . le a Plant stockpile 84 86 
a ee ) ae Me lant 69 81 
atch plan 
74 v ke Weigh-hopper, 
batch plant 48 84 


TABLE C—COMPARATIVE CLEANNESS 
VALUES OF LIVERMORE VALLEY TABLE D—COMPARATIVE CLEANNESS 


AGGREGATE VALUES OF AGGREGATE SAMPLED AT 
BATCH PLANT E* 


Aggregate size 
Sample taken at CV ie ot calane 
(washed gravel) Rinsing screen Sea BRcRBpP de CV 
Truck on arrival ; 
at plant TS 144-34 in. 17%, in. : bs 
Top of bucket ‘ 34-Y4 in. prea: 
elevator 58 114-34 in. i Yer. 34 in. 56 
Weigh-hopper 55 14%-% in. 34-14 in. 84 
Note: Bucket line, bunker, and weigh-hopper were *This plant fed directly from gravel mill by belt 
washed clean before these test loadings were made. conveyor. 
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Here the sand has low sand equivalent values. The undersize at Yard 60 
using American River aggregate, was rock breakage and some sand. This 
was the only location where the low CV could be attributed to contamination 
and breakage. Typically, the breakage was only in the 114-34-in. gravel. 
The inherent characteristic of Bay Area 114-34-in. gravel, viz, low resistance 
to abrasion, high adsorption for the clay laden water, etc., are the principle 
causes of the low CV’s at San Francisco Bay area concrete batching yards. 


Undersize, caused by breakage and handling between gravel mill and batch 
plant, was found only in the large gravel. Coarse aggregates that become 
contaminated with surface coatings from careless ground storage practices. 
etc., fail to meet the cleanness value requirements. Aggregate larger than 
34-in. are affected most because of the surface area differences. 


About 90 percent of the coarse aggregates used in the 80 batch plants 
we service is 34-14 in. As noted above there is no “significant”? undersize 
in this material. Except for the occasional project using large amounts of 
plus l-in. aggregate, ready-mixed concrete plants in our area have no real 
“undersize”’ problem. 


TABLE E—CV TEST VALUES AND “SIGNIFICANT” UNDERSIZE DATA OF 
SAMPLES TAKEN FROM BATCH PLANT WEIGH-HOPPERS 


Aggregate Percent Batch plant loaded by: 
size in, undersize CV Source oo 
Elevator Belt | Clam 
14-% 2 58 Livermore Valley Rock only 
4-4 2 68 Livermore Valley Rock only 
14-% 12(Sand) 61 Livermore Valley xX 
34-4 10(Sand 94 Niles area x 
14-% 2 60 Livermore Valley xX 
34-4 2 81 Livermore Valley x 
14-% 3 56 Livermore Valley eg 
34-4 2 81 Livermore Valley x 
14-% 2 13 Niles area x 
%{-4 3 77 Niles area ~ xX 
1%-% 6 33 Niles area 
4-4 1 77 Niles area x 
14-% 1 53 Livermore Valle: X-2 
4-4 - 84 Niles area J X-2 an Me: 
14%-% 9(Sand) 44 Niles area 
4- 1 84 Niles area 4 
144-% 5 13 Livermore Valle 
y%-14 2 80 Livermore Valley ¥ 
1%-% 3 23 Livermore Valle: 
4-4 4(Sand) 57 Livermore Valley 
1}4-%4 1 29 Niles area 
4-4 1 81 Niles area ¥ 
144-34 8 68 American River 
4-4 1 86 American River ¥ 
144-% 0.5 81 San Joaquin x 
4-4 1 89 San Tousuin x 
1%-1 10(Sand) 94 San Joaquin ra 
if 1 4 San Joaquin x 


ne ttt OORT AP AO GA GALL ALLENDALE LLDPE ALD ta COOH ae tae itil 


TN ee ee ER ee 


, 
a 
. 


eee ee 


¥ 


a 


© ae 


MEASURING, MIXING, AND PLACING CONCRETE 1371 


HARRY F. IRWIN* 


We are aggregate and ready-mixed concrete producers. As such we are 
interested in this report and feel that much of it is excellent information 
and that it will be widely used, and for that reason I would like to point 
out some features that I think contain questionable recommendations. 


My interpretation of the report indicates that, regardless of qualifying 
clauses in the report which might be difficult. to define in the field, finish 
screening is going to be required, and our experience with aggregates, which 
include sand, gravel, crushed stone, and slag does not indicate that such finish 
screening is required. 


The aggregates, if properly handled, and we take every precaution to 
make sure they are properly handled, will not require this finish screening. 


The proof of this is that the qualifications for the aggregates must be met 
at the batching floor before it goes into the concrete. What happens to 
the aggregate before that is not important except that it makes it easier to 
control at that point; but the control must be at the batching level and 
before it goes into the concrete. 


If we can secure control at that point, the use of finish screening would not 
be justified, and finish screening in a plant in a metropolitan area would 
present problems that are almost insurmountable. We have zoning. We 
have the problem of space, which is at a premium in some metropolitan 
areas, and there are innumerable things that have made finish screening 
impractical and expensive. 


I feel that recommending finish screening would result in higher cost and 
would not justify changing the methods now used in producing quality 


concrete. 


By BAILEY TREMPER{ 


I would like to speak a little more about this question of finish screening 
from the standpoint of the engineer who has to deal with a large number 
of rather small jobs; small compared to a dam, but going all the time. 


Suppose we do have aggregates furnished to a batch plant that meets the 
requirements of a standard size. There is no problem in handling them if 
each batch as it is mixed contains the material in those sizes. 


It is a difficult problem for an inspector to determine that each batch 
that enters the mixer is within those limits. I do not think I need to say 
that we all know of cases where undersize does get into certain batches and 
that they do cause trouble. ae 


*Member American Concrete Institute, Concrete Engineer, Warner Co., Philadelphia, Pa. 
+Member American Concrete Institute, Supervising Materials and Research Engineer, California Department 


_of Public Works, Division of Highways, Sacramento, Calif. 
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Suppose an inspector is trying to eliminate those batches. He gets a 
sample of the material in the bin, makes a screen test, and 10 or 15 min later 
he finds that it is outside of specification limits. 


Suppose it is a job of 200 cu yd that is to be in one placement and 30 or 
40 cu yd have already been placed. Is the inspector to shut the work down? 
What is he going to do with the portion that has been placed? The answer is, 
nine times out of ten, he will be obliged to let that placement go on and tell 
the producer that the next job has got to be better, and undoubtedly there 
will be attempts made. 


And maybe you go along all right and in a few days something else happens 
and a bunch of fractured materials hang in the bin and come out in gobs in 


a few batches. It gets to be an almost impossible administrative matter to 
control. 


Finish screening will be a long step in the right direction. The recom- 
mendation, as I see it, doesn’t say this is mandatory. It says, it is good 
practice, and for my part, I think it is good practice and should be recognized 
as such; and such a recommendation has been proposed. 


By WALTER K. WAGNER* 


The Committee is to be commended for its work in pointing out those 
production methods that are today considered essential to quality concrete. 
The separate section on aggregates, however, attaches a more than significant 


importance to the size separation of coarse aggregates and effects of undersize 
material on the uniformity of concrete. 


Finish screening at the batch plant appears to be the only recommended 
method for eliminating undersize, and this, preferably, over the batch plant 
bins. Even though many batch plants are structurally able to handle the 
sereening setup topside, it could mean major modifications in the conveying 
methods of most present plants. Also, bins or hoppers for receiving the 
rejected undersize could impose problems of space or weight. 


It is stated that “coarse aggregate can be rewashed, if necessary, during 
finish screening,” and that “the water remaining on the material will not 
affect. uniformity appreciably,. ..” I cannot agree with that statement 
based on experience with freshly washed aggregates, and I do not believe 
that erratic surface water on coarse aggregates could be a much “lesser evil” 
than a reasonable amount of undersize. For years certain cold weather 
batching has been acceptable practice when properly drained aggregates are 
used. But a requirement of rinsing or washing immediately prior to batching 
could virtually close up a plant during freezing periods. 


If rinsing is not essential during finish screening then that operation could 
be responsible for creating a dust nuisance. Many plants in the United 


*Member American Concrete Institute, Engineer, Albuquerque Gravel Products Co., Albuquerque, N. M. 
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States today have become targets for certain zoning restrictions and need 
no further causes to jeopardize their present situations. 

The report of the committee seems to imply that aggregates can not be 
produced and delivered to the batch plants with uniformity of moisture and 
grading. This might be quite true in the case of certain small aggregate 
producers, but those who are supplying the larger concrete plants are be- 
coming increasingly aware of the need for greater uniformity in their pro- 
ducts. Indeed, the terms ‘quality control” and “aggregate beneficiation”’ 
are noted quite often on convention programs of the National Sand and 
Gravel Association and the National Crushed Stone Association. 

These producer interests coupled with those of the specification-writing 
groups such as ASTM and AASHO should be able to assure adequate quality 
of aggregates in keeping with improved production and handling methods. 
It certainly should not be necessary for ACI to implement regimentation 
which can be damaging to the industry at this time. 


By STANTON WALKER* 


I wish that I could feel that certain important parts of this proposed re- 
commended practice were as good as most of it. I have read it with great 
care. Further, although not a member of the committee writing it, I have 
been in close touch throughout its development and I was accorded full 
opportunity to make recommendations concerning it. Some of my recom- 
mendations were accepted; those to which IT attach most importance were 
not and they are the subject of this discussion. While there are several 
parts of the report which I might discuss, I shall confine myself to those deal- 
ing with aggregates, particularly, ‘‘finish screening” and “significant undersize.” 


Throughout the section on aggregates, there is the strong recommendation 


that all batching plants be equipped with screens so that coarse aggregates, 


however handled or produced, will be rescreened and rinsed as they go into 
the batch plant bin, unless they go there directly from the original screening 
operation. There is included a statement apparently considered as an escape 


clause but it is buried in the middle of one of the many paragraphs urging 


the general use of “finish screening.” It reads: ‘But the main thing is the 
result, and if it can be assured by other means, there is no objection to 
them.” (The italics are those of the committee, not mine.) That statement 
is equivocal, to say the least; it is completely impracticable of administration. 
The economic implications of a screening plant on every established ready-_ 
mixed concrete plant, as well as other batching plants, whether needed or 
not, should be clear. Further, such screening plants would appear pretty 


~ much to destroy the value of the elaborate screening, handling, and blending 


equipment which are the rule in modern established plants for the production 


of mineral aggregate. 


*Member American Concrete Institute, Director of Engineering, National Sand and Gravel Association and 
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TABLE F—EFFECT OF FINE SIZES OF GRAVEL ON STRENGTH OF CONCRETE* 
Percent of fine gravel Compressive strength Modulus of rupture 
No. 8 to No. 4 to lb per Strength Ib per Strength 
No. 4 3% in. sq in. ratio, percent sq in, ratio, percent 
0 0 2720 101 500 98 
0 10 2850 106 490 
Ot 20t 2700f 100T 510F 100+ 
30 2700 100 ] 490 
10 0 2700 100 | 520 102 
20 0 2660 99 505 
10 20 2570 95 500 98 
20 20 2580 96 485 95 
10 30 2490 92 470 92 
20 30 2400 89 470 92 


*Data from NSGA Circular No. 7 (out of print), representing concretes made with gravel graded to 1}4 in. 
maximum size, with portion coarser than % in. being equal percen of %-34 in. and %-1% in. Values 
represent cement factor of 5 sacks per cu yd, interpolated from tables based on the then-current usage of fixed 
proportions such as 1:2:4, ete. Ratio volume of mortar to volume of voids in coarse aggregate: 2.25. 

+Well-graded coarse aggregate with no undersize, conforming to ASTM C 33, taken as 100 percent strength 
level. 


The recommendation for finish screening appears to be based on the as- 
sumption that aggregates almost never can be delivered to the batching 
plant suitably graded unless such processing is employed—and, also on grading 
requirements more rigid than provided by such specification writing bodies 
as ASTM, AASHO, state highway departments, departments of the federal 
government, and others. Standard specifications fix tolerances on under- 
size which take into account the protection of the consumer and the economies 
of production, but the committee does not accept them. The committee 
says that the ‘significant’? undersize is that smaller than about 4/5 to 5/6 
of the designated minimum size and that such smaller sizes should be limited 
to not more than 2 or 3 percent. That means, for example, that an aggre- 
gate graded 34-1!4 in. would not be permitted to have more than 3 percent 
finer than about 5% in., the next smaller standard size sieve. This is to be 
contrasted with the general limitation of 5 percent finer than 3¢ in., for this 
size, permitted by accepted specifications. 

No data are cited in support of this rigid limitation. It is true that a 
reference is given to the paper “Developments in Methods of Testing and 
Specifying Coarse Aggregates,” by L. H. Tuthill. That paper is silent on 
the quality of concrete or variations therein. It only cites the performance 
of the screening plants on two large dams. Conclusions regarding under- 
size appear to have been based on results achievable under those particular 
job conditions rather than on an evaluation of concrete quality or variability. 

When I have asked the committee for data I have been shown pictures 
of badly segregated and contaminated stockpiles. These are not pertinent 
to my discussion. I agree that such aggregate stocks should be rescreened 
and, if necessary, rinsed before use. But it does not follow that this re- 
screening need be done on the top of a batching plant nor that there should 
be a screening plant on the top of each batching plant. 


So far as my researches into the literature show, data bearing specifically 
on the point under discussion are meager. There are some tests which show 
strength relationships, and in a letter to the committee, I submitted certain 
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* 
be 

e data along these lines from our own investigations. One was a series of 
> tests carried out in 1927 in a determination of the effect of increasing amounts 
: ‘of smaller sizes of. gravel on strength. The effect from amounts of under- 
: size considerably in excess of conventional specification limits was not sig- 
a nificant. These data are shown in Table F. At the same time I submitted 
B results of tests on a gravel which, in the stockpile, looked dirty because of 
+ dust from fracture. Results of those tests are shown in Table G. _ 

- The committee might well argue that these tests and other similar ones 
< did not furnish information on the difficult-to-measure property of work- 


ability, or on appearance, or on durability. I suggested to the committee 
that the cooperation of a number of laboratories be secured in the conduct 
of a carefully outlined series of tests to study this problem. I said that I 


Bae 


x 


eX 


2 felt that the participation of such organizations as the U. S. Bureau of Recla- 
4 mation, the U. S. Army Corps of Engineers, and the Bureau of Public Roads 
5 probably could be secured. I said that we would be eager to take part in 
Z such a study and that I was sure that the same could be said of the National 
a Crushed Stone Association and the National Slag Association. The chairman 


replied, ‘“‘...I have been unable to convince myself that tests of concrete 
in which widely varying quantities of dirt and small undersize, such as would 


~ 


~ TABLE G—CHARACTERISTICS OF FRESH CONCRETE AND RESULTS OF 
STRENGTH TESTS (SERIES J-108)* 


Cement, Water Air, Compressive Strength, psi 
Round Sacks Slump, in. percent 
per cu yd_ | Gal. per sack |Gal. per cu yd (grav.) 7-day 28-day 
1— Gravel washed in laboratory (no minus No. 4 Sizes) 
A 6.49 5.03 32.6 4.3 4.9 2355 3305 
B 6.52 4.88 31.8 3.4 5. 2570 3680 
Cc 6.58 4,83 31.8 3.2 4.3 2805 3850 
D 6.62 4.80 31.8 Qk 3.7 2970 4065 
E 6.61 4.81 31.8 330 3.9 2775 3955 
Average 6.56 4.87 32.0 3.3 4.4 2695 3771 
2—Same as No. 1; dust of fracture added with sand 
A 6.51 arty) RB vf 3.0 4.3 2480 3590 
B 6.49 5.18 33.6 3.9 4.5 2435 3340 
C 6.51 5.07 33.0 2.6 4.7 2745 3880 
D 6.49 5.09 33.0 3.5 4.8 2540 3700 
E 6.56 5.06 33.2 2.9 4.0 2640 3860 
Average 6.51 6.11 Baio Sea 4.5 2570 3674 
3—Gravel as received including dust of fracture 
6.50 5.18 33.6 3.8 4.4 2550 3530 
$ 6.55 5.12 33.5 3.0 3.9 2720 3855 
Cc 6.54 Sell 33.4 2.8 4.0 2495 3955 
D 6.48 5.13 33.2 3.3 4.8 2575 3815 
; E 6.52 Deel 33.3 3.0 4.3 2800 3885 
Average 6.52 5.13 33.4 3.2 4.3 2630 3788 


* te designed to contain 6.5 sacks of cement (5.5 portland and 1.0 natural) per cu yd, with slump of 
3 fs 05 in., ee + 0.5 percent, and b/bo of 0.74. Coarse aggregate gravel graded from 114 in.-No. 4; sand 


sed graded as received (FM 2.65). é J a 
from Condition Ly pave! was thoroughly washed and sieved to remove all minus No. 4 material; for Conditions 


2 and 3, dust removed from the gravel in sieving was replaced in its origin al- quantity to constitute 4.3 percent 
_-by weight of the total coarse aggregate. 
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be removed by finish screening, would be worthwhile as a measure of the 
value of finish screening.”’ 

I submitted calculations showing the extremely narrow range in grading 
of the coarse aggregate portion of a total aggregate which could result from 
combining the extremes of accepted grading specifications. The results of 
those calculations are shown in Table H. Even with these absolute extremes 
(which could not occur except on paper), the variations in fines in the aggre- 
gate are very small. The range in fineness modulus of total aggregate is 
only about 5.5 to 5.8 for the 114 in. combination and about 6.0 to 6.3 for 
the 2-in. Furthermore, much of this difference exists because of variations 
on sieve sizes which are not controlled by “undersize’’ limitations. 


Limited data have been secured on changes in grading of typical coarse 
aggregates during stockpiling and handling. These are given in Table I. 
Positive differences in percentages passing, and negative differences in fineness 
moduli, in the third lines of each portion of the table, indicate degradation 
of the aggregate during handling. The results show increases in coarseness 
as often as decreases, suggesting that the changes are largely, if not entirely, 
due to random sampling and testing variations. In any event, neither the 
changes in fineness nor in amount of fines are large enough to have a measur- 
able effect on concrete properties. To cause operations such as these to be 
required to adopt finish screening because of implications in an ACI recom-. 
mended practice would be completely unjustified. 


There are some much less serious matters in the recommended practice 
that pertain to grading. The committee suggests that the ratio of maximum 


TABLE H—EFFECT OF UNDERSIZE ON GRADING OF CONCRETE AGGREGATE 


A. Combination of three sizes to produce combined aggregate graded to 1% in. maximum 


: , -14 in., No. 4-34 in., Fin te, 
Sieve size ‘ Ast Sin: 4, ASTM efi 67, ASTM C33, Prarmemsc 8 
33 percent of total 32 percent of total 35 percent of total combination 
Percent. passing 
1% in 90-100 100 Ex in a 
fy 0-15 90-100 P= oL72 
a" hae soura — 41-54 
0. 100 5-40 
No.8 (O-5)* uty 0-5 9 5o-8e 


B. Combination of four sizes to produce combined aggregate graded to 2 in. maximum 


; A 1-2 in., -1 in., Fine Range 
Sieve size ASTM Size 3, AS Size 5, ASTM C33." Pose 
35 percent of total | 21 percent of total 30 percent of total | combination 
2% in 100 —- 
2 in. 90-100 — 97-100 
14 in 35-70 100 — 77-90 
1 in, 15 90-100 _— _ 63-70 
% in (O-15)* 20-55 100 —- 48-61 
in. 0-5 0-10 90-100 —— 43-48 
in (0-5) * 0-5 40-70 _ 36-43 
0.4 (0-5)* (0-5) * 0-15 100 30-35 
No. 8 (0-5) * (O-5)* 0-5 i 9 27-30 


*All of smallest sizes assumed to be minus No. 8 to roduce i ize i i grega’ 
{Fine aggregate grading assumed constant since it wool be unaffected birt hi ee prebee pe 
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to minimum size of coarse aggregate (I assume these are the nominal sizes) 
should not be more than three for sizes smaller than 1 in. and not more than 


‘two for larger sizes. I would be in general agreement with this statement 


if it were not followed by recommending such nonstandard sizes as 4-14 in., 
114-214 in., ete. and insistance on not recognizing the closely graded No. 
4-34 in. standard size, because the ratio of 34-0.185 in. is more than three. 


Standard sizes of aggregates have been well established through the activities 
of the Division of Simplified Practice of the Department of Commerce, the 
American Society for Testing Materials, the American Association of State 
Highway Officials, various departments: of the federal government, and 
others. Agreement on standard sizes has been reached by these diverse 


; organizations. Specifications of most state highway departments and other 


specification writing bodies, the American Railway Engineering Association 
for example, are in line with these agreed-on standards. 


It would seem that the committee might at least have written its recom- 
mendations around these recognized and widely accepted standards. In 


TABLE I—COMPARISONS OF AGGREGATE GRADINGS BETWEEN 
AGGREGATE PLANT AND CONCRETE PLANT 


Percent passing Fineness 
Item modulus 
1% in. lin. 34 in. ¥% in. 34 in. YY in. No. 4 No. 8 
Company A, No. 2 coarse aggregate, average for five pairs of tests 
At aggregate plant, A 100.0 Wa26 6.8 Onn 0.4 — 0.3 — 7.92 
ibatcher B 100.0 68.6 6.3 0.8 0.7 _ 0.6 —_ 7.92 
Difference, B — A 0.0 —3.0 —0.5 OR 0.3 _ 0.3 —_— 0.00 
- Company A, No. 1 coarse aggregate, average for ten pairs of tests 
At egate plant, A — 100.0 89.1 32.8 7.8 — 0.3 — Ta03 
Big icicher: B — 100.0 91.0 40.0 9.9 = 0.9 —_ 6.98 
Difference, B — A — 0.0 1.9 7.2 2.1 — 0.6 = —0.05 
Company B, 114-5 in. coarse aggregate No. 3, average for eight pairs of tests 
At aggregate plant, A 100.0 —- fi — 0.8 0.3 — — 7.66 
At Pitien B 100.0 — 29.0 — 0.8 0.3 _ _ 7.70 
Difference, B — A 0.0 — —4.1 — 0.0 0.0 _ —_— 0.04 
Company B, %%-}4 in. coarse aggregate, No. 3, average for eight pairs of tests 
te plant, A — — 100.0 — 42.7 2,2 — 0.3 6.55 
periokes & ay = = 100.0 = 44.9 2.6 = 0.3 | 6.53 
Difference, B — A — — 0.0 — 2.2 0.4 — 0.0 —0.02 
Company B, 114-% in. coarse ageregate No. 4, average for six pairs of tests 
At egate plant, A 100.0 79.9 41.8 4.7 2.3 0.6 — — 7.55 
At fea clior. B 100.0 74,4 87.4 4.9 1.5 0.4 — — eae 
Difference, B — A 0.0 —5.5 = 0.2 —0.8 —0.2 —_ — 0.06 
Company B, %%-}4 in. coarse aggregate No. 4, average for ten pairs of tests 
j — — 100.0 76.7 36.2 hover. 0.3 6.72 
iv Geergente plant, . ae, = 100.07) 70.2.) 3126 2.0 = (nek aI PTRGye 
i ae _ -0.0 | —6.5 | =—4.6-] 0.4 — 0.1 |—0.05 


Difference, B — A 
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general, ACI does not deal with specifications for such material—and I 
recognize that a specification was not proposed, but, rather, a recommendation. 


I will refer to a few other matters concerning aggregates and then close 
without belaboring other recommendations which I feel the urge to discuss 
such as the ‘‘wheelbarrow and platform scale setups” and others pertaining 
to the concrete plant. 


The report recommends that wet aggregate should be drained, with which 
Iagree. As an alternate, it suggests, most casually, “or mechanically filtered.” 
That implies that filtering devices are available. Later, the report states: 
“Mechanical equipment for filtering unstable moisture from sand apparently 
is becoming available, and its use should be investigated and encouraged.” 
Where and from what source? I know of one company which did some 
development work along these lines, but it is my understanding, not docu- 


mented, that the project was dropped. At any rate, I know of no commercial 
installation. 


This is only another example of the off-hand manner in which the report 
treats many operations without giving the reader constructive information 
as to the why or how of the proposed practice. 


I could, of course, have saved myself much trouble and avoided irritating: 
some of my friends on the committee by not preparing this discussion. 
Further, I realize that it will not be printed with the recommended practice 
and, therefore, its preparation appears to be all the more futile. But I felt 
that, in justice to the Institute I would have been remiss had I not prepared it. 


An amendment requires a nine-tenths vote to cause it to be sent to letter 
ballot. In spite of the small chance of receiving such a majority I am giving 
below an amendment which I proposed to the committee by letter. 


Revise Section II3 to read, 


“3(a). It is essential for effective control that handling operations be such that 
variations in undersize material outside each designated size be held to a practical 
minimum, The gradation of the aggregate as it enters the concrete mixer should be 
uniform and within specification limits. Sieve analyses of the coarse aggregate should 
be made frequently to assure that grading requirements are being met. When two 
or more sizes of coarse aggregate are being used, changes in proportions can sometimes 
be made advantageously to improve the over-all grading. 


“3(b). If the fineness modulus of the total coarse aggregate cannot be maintained 
within a range of about + 0.20 as it enters the concrete mixer, or if specification limits 
on grading, particularly as to permissible undersize, cannot be met consistently, special 
controls should be instituted. Under such conditions finish screening at the batching: 
plant has been found to be effective where the nature of the aggregate or the methods 
of handling result in excessive undersize due to segregation and breakage. One approach 


is to establish a screen or screens on top of the bins receiving the several sizes of aggre- 


screening plant through which 
bins. If rinsing is required to 
plant is to be preferred to avoid introducing 


gate. Another approach is to provide an independent 
the aggregates may be passed just before entering the 
remove contaminants the independent 
wash water into the bins.” 
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Note that this stresses the importance of uniformity in gradation as em- 
phatically as does the committee, ‘but it does not imply that, under usual 
conditions, finish screening is the only way to achieve that end. 

Now, Mr. President I wish first to move adoption of the amendment. If 
that fails I wish then to move that the report be referred back to the com- 
mittee.* And, if that fails, I wish to request that this discussion be received 
for the record and published in the Proceedings. 


BYRON P. WEINTZ{ 


The report of Committee 614 is one that I, as a producer of sand and 


gravel and ready-mixed concrete, have read with a great deal of interest. 


A report such as this can, should, and does influence the operations and 
economics of our entire industry through its use as a guiding pattern for 
specifications. Of necessity, then, it must recognize all of the factors involved 
in making concrete—those that are technical and those that are practical. 
A proper balance between the two determines the economic basis for the 
use of concrete as a construction material. 


I feel that the committee has done an outstanding job and, with one ex- 
ception, I concur in general with the report. That exception is the blanket 
recommendation that coarse aggregates be finish screened at all ready-mixed 
concrete batch plants excepting those charged directly from production 
plant bins. This is not, in my opinion, a practical approach. Here are some 


of my reasons. 

First, we, as producers, are in business to make, screen, and deliver to 
the job, aggregates meeting grading requirements standard to the local area. 
We should and do expect rejection of aggregates not meeting these gradations. 
Our company, for instance, produces some seventeen different products, each 
meeting its own specification requirements. My point is that we do produce 
material that meets specifications, and we do put this material on the job. 


Secondly, there are specific instances of job setups where the contractor 
at his own option realizes economic advantage by producing, hauling, or 
feeding his batch plant with a combination of aggregates and then making 
the final separation with screens on top of the plant. This, however, is not 
an economical operation for a commercial ready-mixed concrete operator. 
‘He is, in most areas, operating on limited ground area, and must purchase 
his aggregates by specification gradings in relatively small quantities. His 
aggregates are tested and accepted or rejected on the basis of bin samples | 


at the batch plant. 
A third point is the sizeable cost of converting existing batch plants to 
accommodate finish screens. Many commercial batch plants now furnishing 


i i i 5e8: i hs of votes 

* t was put to a vote of the convention but did not receive the necessary nine-tent i 
Re: amie ike Tne ention voted to accept the report and refer it to letter ballot of the membership— 
EpitTor. 


+Member American Conerete Institute, Chief Engineer, Consolidated Rock Products Co., Los Angeles, Calif. 
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economically priced concrete in strategic locations in the cities are operating 


under zoning variance and “grandfather” clauses prohibiting plant addition 
or expansion with additional restrictive noise and dust control limitations. 
The possible loss of these plants would certainly affect the price of concrete. 

The cost of installing finish screens on the majority of the commercial 
plants would be magnified due to limited plant area available to accommodate 
raised and lengthened feed conveyors, most of which are already set at maxi- 
mum gradients. The cost of the screen itself would be, in most cases, only 
a small part of the total cost of installation. 

A fourth consideration is the exact significance of the effect of undersize, 
which is debatable. To date, there seems to be insufficient data available 
to justify a blanket recommendation for finish screening. I, for one, would 
like to see further tests undertaken on this subject. 


To sum up, I believe that the aggregates we produce should be subject to 
inspection and specification requirements f.o.b. the job and/or in the ready- 
mixed concrete batch plant bins. It is solely our responsibility to take what- 
ever measures are necessary to see that this is accomplished. 


By D. K. WOODIN* 


Anyone experienced with the inspection and control of concrete is aware 
of what happens when concrete is unworkable, especially from a contractor’s 
standpoint. It is a rare occasion in my area when screen analyses of aggre- 
gate being used for concrete meet specification requirements, but a peaceful 
and productive day for the contractor when they do. 


To proportion a mix to accommodate a wide range in aggregate grading, 
results not only in a more expensive concrete, but concrete of lower quality. 
My files contain screen analyses of aggregates from three major aggregate 
producing companies in the Bay Area, for as far back as 1951, and the vari- 
ations in grading make it necessary for our concrete mix to contain 0.10 bbl 


more cement than would be necessary for concrete of equal strength containing 
the specified graded aggregate. 


The time has arrived when a specification requiring finish screening over 
the batching bins is economically feasible. I have discussed this possibility 
with one of our aggregate suppliers, and he agreed that finish screening would 
result in a better graded material, but that it would also mean an increase in 
cost to the consumer. This can be justified by a saving in cement and superior 
uniformity of concrete quality. “The economic implication of screening on 


every established ready-mixed concrete plant” as pointed out by Mr. Walker, 
does not concern the supplier mentioned. 


; If such a change as finish screening at the batching plant is adopted, the 
importance of undersize in the material as produced will have less significance. 
What good is an elaborate screening plant, if during the process of getting 


0 set cg Concrete Institute, Senior Construction Inspector, East Bay Municipal Utility District, 


Otay Rites ee ti, A it gaat ee “Ala. a a eee 


a 


MEASURING, MIXING, AND PLACING CONCRETE 1381 


the material from the screening plant to the batching bunkers, the grading 
is destroyed? Why is it not desirable (since it has on numerous occasions 
been demonstrated to be practical and beneficial) to finish screen at the 
batching plant. Move the screening where it will do the most good, and 
let us adopt some progressive thinking along these lines, and abandon the 
“good enough” attitude. 


COMMITTEE CLOSURE 


Committee 614 is gratified that the discussers, representing both producer 
and consumer interests, have found the proposed recommendations so generally 
acceptable. It is quite apparent, however, that one group is not in sympathy 
with proposals concerning sizing and finish screening, at the batching plant 
of coarse aggregate, to assure its uniformity as batched. 

Perhaps it is worth noting that this opposition comes from representatives 
of concerns engaged in producing and selling aggregates and concrete. Hs- 
sentially, they say the need for these recommendations rarely exists and where 
it does, the causes are readily eliminated without closer sizing and finish 
screening. 

On the other hand, it appears these particular recommendations are 
especially endorsed by engineers representing various agencies that are con- 
sumers and users of aggregates and concrete. These men are responsible 
for the uniformity and quality of these materials as furnished. They, like 
many others, have frequently encountered situations, under the standard 
specifications extolled by the producers, in which little or nothing could be 
done to correct seriously varying conditions in coarse aggregate as batched. 
They recognize that such conditions could readily have been largely cor- 
rected had they been working under specifications which included the re- 
commended sizing and finish screening at the batching plant. From ex- 
‘perience they also indicate an awareness that these requirements, in the 
over-all operation, come at a modest price, considering the improvement 
they make possible in concrete uniformity, quality, strength, durability, and 
economy. For these expressions of endorsement from experience, the com- 
mittee is certainly grateful. 

Since the committee unanimously endorsed the viewpoint that these 
questioned recommendations greatly increased assurance of uniform con- 
crete, and they were also unanimously approved by the Technical Activities 
Committee and the Standards Committee, this closure will be devoted pri- 
marily to amplifying the general desirability for these requirements which 
the industry has so vigorously opposed. 

To begin with, reference is made to pictures mentioned of stockpiles, 
which are no different from many, containing layers and concentrations of 
fine material in far excess of permissible amounts in even the broad and 
tolerant specifications fostered by the industry. The stockpile conditions 
pictured in Fig. D, E, F, and G are not unique. This breakage, concentra- 


tion, and contamination of large portions with excess fines will occur to 
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Fig. D—Lenses and concen- 
trations of dirt and undersize 
contaminate this stockpile. 
Finish screening will remove 
this and correctly classify us- 
able material as placed in 
bins of batching plant 


some degree in most stockpiling. It becomes worse as the material is com- 
posed of softer, or many crushed, materials. 

Regardless of casual limits in popular specifications or of the range and 
amount of undersize in stockpiles, 7f it were possible for the same amounts 
of each size in the undersize to reach each batch as measured into the mixers, 
mixes could be adjusted accordingly and uniform concrete could be obtained. 
But obviously, this is impossible. The amounts of these fines vary widely 
and inevitably. When it was attempted to use material from the stockpile 
in Fig. D significant undersize ranged mostly up to 15 percent and was as. 
high as 22 percent. Similar results were noted in other stockpiled aggregate. 

The question has been raised of using test results to prove the necessity of 
doing something about varying undersize. First, such tests would postpone 
action such as has been taken. But mainly they would serve no purpose 
because the condition is a variable of considerable extremes in time and 
amount. When conditions are as unfavorable as in Fig. D-G, engineers re- 
sponsible for getting concrete strength and uniformity do not need test re- 
sults to tell them the job is in trouble. 

However, one group of tests can be cited to show the effect of excess fines 
in the aggregates. During construction of Melones Dam in California in 
1926, aggregate storage conditions were such that at times excessive amounts 
of fines entered the mix. The average strength of 64 test cylinders from such 
concrete was 26 percent less than the strength of other conerete which itself 
was often far from ideal. R 

A leader of the gravel industry expressed the fear that the recommended 
corrective finish screening of aggregate at the batching plant would destroy 
the value of the elaborate screening, handling, and blending equipment 
now operating in many modern aggregate production plants. This is doubtful, 
inasmuch as considerable initial preparation of aggregates is necessary that 
cannot be done with finish screens at batching plants, even when rinsing is 
necessary. But, one committee member comes to the real point of the matter 
when he asks, what good is an elaborate screening plant if, during the pro- 
cess of getting the material from the screening plant to the batching bins, 
the grading is destroyed? 
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Fig. E—Mingled sizes in over- 


4 lapped stockpiles as well as 

/ ‘excess of undersize can be 
corrected by finish screening 

at the batch plant 
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Full recognition is given to the excellent and earnest efforts of the aggre- 
gate industry to produce well sized, uniformly graded aggregate free of 
excessive amounts of undersize. Unfortunately, the material seldom remains 
in this condition as it is handled, stockpiled, transported, and rehandled. 
The principle industry discussion, including proposed revisions of Section 
'— I13(a) and 3(b), was presented to the committee meeting in Chicago, 
_ ‘February, 1958. The proposed revisions were rejected unanimously. 

a The proposed revision of 3(a) sounds on first reading like an excellent 
statement of what should be done to get good results. Its hollow falsity 
becomes evident on more careful reading of each sentence. Then the question 
arises as to how this is to be accomplished effectively, and it is realized by 
anyone of experience with such matters that it is seldom practical or possible 
to do so to a sufficiently effective degree. The proposed revision erroneously 

implies that such efforts can be sufficient and effective in compensating for 
- aggregate undersize, breakage, and variable segregation, when actually, they 


seldom can be. 
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Fig. F—Stockpile containing great and variable excesses of dirt and undersize as a 
result of improper stockpiling of a relatively weak aggregate. _ Significant undersize 
ranged up to 22 percent in material as batched, and made it impossible to produce 
, “2 __ uniform concrete , 
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Fig. G—Excessive amount of 

undersize in gravel in a 

batcher supply bin. Finish 

screening removes such under- 
size 


The proposed revision of Section I13(b), surprisingly, agreed that finish 
screening was a good way to correct excessive undersize, and indirectly re- 
commend it when specification limits on undersize cannot be met consistently. 
Here again this seems like a faultless proposal until its uselessness is recog- 
nized in the fact that finish screening facilities cannot be installed on a 
moment's notice when the need arises. Few customers or projects are in a 
position to require installation of finish screening when its need becomes 
especially evident after construction has started. The proposed revision 
failed to provide that such plants, as may need it, be ready to finish screen 
when the need arises. Essentially, it says finish screening is a solution for 
the problem of excessive undersize but it doesn’t say that by the time the 
need is apparent, after the job starts, it will usually be too late and infeasible 
to do anything about it. On the other hand, the committee’s recommendation 
says it is usually a good idea to be prepared to finish screen, because it is 
often needed and well worthwhile. 


Finish screening facilities are also of value to the producer and some have 
recognized a number of specific advantages. Many contractors have in- 
stalled finish screens on their batching plants of their own volition, evidently 
feeling they were adequately repaid by these advantages. The ready-mixed 
concrete plant shown in Fig. H was equipped with a horizontally operating 
finish screen over the bins to qualify under the specifications to deliver about 
12,000 cu yd of concrete. The producer chose to install it on the plant rather 
than on the ground nearby and has found this arrangement increased its 
benefits to him. After it had been in operation about 6 months, during which 
time both project and commercial concrete had been supplied, the operator 
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had recognized the following advantages from his standpoint. These are 
=“ Significant and of timely interest. 


1. Never have to waste contents of gravel bins because of mistaken delivery of 
sand into them. 

2. Never have to waste contents of gravel bins because the wrong rock size is mis- 
takenly placed in them. Removes concern as to position of gates and chutes. 

3. Permits most efficient use of storage area without expense to prevent overlap of 
different aggregates. 

4. Permits complete use of material without waste to avoid dirt which may be picked 
up at bottom of piles. 

5. Permits more efficient and closer operation of front end loaders carrying material 
from stockpiles to hopper of bucket elevator. Trips are shorter. 

6. Automatically places aggregate in the center of the bin in a manner that results 
in a minimum of segregation, as compared with usual delivery from ordinary chutes 
direct from bucket elevator. 

7. Reduces extremes in amounts of surface moisture to a minor tolerable variation 
that results in materially easier and better slump control and uniformity. 

8. Blends high and low surface moisture content on small and large aggregate to a 
relatively uniform moisture content that materially improves slump control. 


Ss 


A, 


Le ee AAS 
: Ca ke 


These advantages alone should be worth the few cents per cubic yard that 
finish screening would cost in a productive plant, not to mention savings in 
cement when working to a strength specification. One committee member, 
a producer of ready-mixed concrete, 
estimated that finish screening would 
cost about 3 cents per cu yd when 
averaged out through several year’s 
production. On smaller plants it could 
be a few cents more but certainly 
would not cost $1 per cu yd as one 
industry representative intimated 
during discussions. 

Cost to protect batching equipment 
from objectionable vibration in some 
plants is sometimes offered as an ob- 
jection to finish screening. This con- 
dition can be corrected inexpensively 
by independently supporting the 
weighing equipment. 

It is interesting to note in Table E 
of one producer-representative’s dis- 
cussion that in 50 percent of his plants, 
- finish screening would have eliminated 
excessive undersize. It can be ar- 
rariged to keep sand out of the gravel 
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Fig. H—Horizontally operating finish 
. ll screen mounted on commercial ready- 
bins and to keep aggregate smaler mixed concrete batching plant. Under- 
than 114 in. free of significant under- size a passes through pipe to waste bin at 


size in excess of 2 percent. _ ae “lower left. 
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When aggregate is not sufficiently clean, the finish screens provide a ready 
means for rinsing or rewashing. Contrary to initial fears that slump and 
water control would be considerably and adversely affected, such washing at 
at least four plants known to the writer did not present serious difficulty 
when operations got underway. Plant men learned adjustments required 
in the first few batches. Rinsing on the finish screen would allay any question 
of dust nuisance in zoned areas and to some extent quiet the operation. 

As indicated above, one operator found that finish screens permitted more 
efficient use of his storage space. Elevators require less space than belts. 
Capacity can be increased and confusion eliminated by using a separate 
elevator for sand. 

In this closure no attempt has been made to refute various statements in 
discussions by the producer group, which the committee and discriminating 
consumers and material engineers would question on grounds of either actual 
fact or negligible importance. It seemed necessary, however, to put the 
proposed revisions of Section I13(a) and 3(b) in their proper light. It is 
believed the facts are amply evident to any who are acquainted with these 
problems. Certainly, the expressions of the consumer group, in their unani- 
mity and experience, can be regarded as expert testimony. Each is qualified 
in these matters and is in a position to say whether the recommended pro- 
cedures are worthwhile. : 

It has been our primary purpose to show that finish screening at the batch- 
ing plant is not only usually worthwhile, but that the committee is offering 
sound advice when it recommends that it be provided in advance of need, 
so that it will be there when the need arises. Usually it is not long until it 
does, if for nothing more than to keep sand out of the rock bins and to get 
each coarse aggregate into the right bin. 

The committee also wishes to thank those who approved adoption of the 
report at the Los Angeles meeting and who voted on the letter ballot to adopt 
the proposed recommended practice. In so doing affirmation was also given 
to the principle that it is the responsibility of an ACI working committee to 
set forth and describe in its standards, procedures that are among the better 
ways of insuring concrete work of good quality, and not merely recite common 
practice. 
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Disc. 55-36 


Discussion of a report by International Council for Building Research (Eduardo Torroja): 
Load Factors» 


By THEODORE F. COLLIER, MAX HERZOG, EMILIO ROSENBLUETH, 
and EDUARDO TORROJA 


By THEODORE F. COLLIER{ 


The choice of the title “Load Factors’? for Professor Torroja’s report 1s 
too restrictive. The discussion clearly includes consideration of losses of 
strength along with the variables in magnitude and effect of loading. The 
whole field of safety provisions is presented and, as Professor Torroja states, 
has for its goal to fix a satisfactorily low upper limit to the probability of 
collapse commensurate with the consequences of failure. 

The introduction of ultimate strength and limit design procedures em- 
phasized the need for properly designed safety provisions. “Factor of safety,’’- 
as used with working stress design, provides a “receptacle”? for unknowns 
and variables. ‘Load factor” was introduced with ultimate strength design 
for a similar purpose. Both perform their function but do so at considerable 
cost of uncertainty and inconsistency. Neither device will provide a prob- 
ability (or improbability) of failure which is consistent and predictable. 

What is needed is a relationship or ratio between a predicted strength as 
high as knowledge and quality permits and load effects having a low expectancy 
of being exceeded during the service life of the structure. 


DISCUSSION 


The report describes a direct and analytical approach to the subject of 
safety provisions in structures. By breaking the design procedure into its 
steps or phases and listing the sources of error in the essential data used 
in design, the controls needed to minimize and control the probability of 
failure become evident. 

Fundamentally, the design process has two parts—the determination of 
the forces to be resisted and proportioning a member having at least that 
capacity. Those errors and variables which increase the forces as well as 
those which decrease the capacity may cause failure. The potential sources 
of errors and variations would fall under the two design steps thus: 


I. Sources affecting the predicted strength of a member 
A. Strength and behavior of the materials 
B. Physical dimensions 
C. Quality of workmanship and supervision 
D. Validity of stress distribution assumptions 


*ACI Journat, V. 30, No. 5 Noy. 1958 (Proceedings V. 55), p- 567. Dise. 55-36 is a part of copyrighted 
JouRNAL OF THE AMERICAN GoncrETE Institute, V. 30, No. 12, June 1959 (Proceedings V. 55). 
+Member American Concrete Institute, Engineer, New Canaan, Conn. 
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II. Sources of error and uncertainty in use and service 
A. Loads and overloads 
B. Accuracy of structural analysis 
GC. Predictability of structural behavior 
D. Consequences of failure or loss of serviceability 


Since there is no relationship between the phenomena which may reduce 
the strength and those producing overloading, the simplest and most ‘‘visible”’ 
procedure is to apply the corrective factors and controls separately at the 
sources of the deviations. 

This permits the designer to work with and “see”’ the actual value of both 
the predicted resistance and the anticipated load effects. 


Strength losses 

The sources of strength loss listed in Group I can be evaluated by scruti- 
nizing the form and terms of the equations used to predict strength. 

The form of the equations is based on certain assumptions of stress dis- 
tribution and material behavior at failure or ultimate strength. The accuracy 
of these predictions when the properties of the materials are known has been 
adequately confirmed by recent tests and by reappraisal of former tests. 
The variables are in the terms of the equations, not in their form. 

The terms in the equations fall into two groups, those defining the behavior 
of materials and those of dimension. Values of any which differ from those 
assumed are possible sources of understrength. 

There is but one source for dimensional errors—construction. None are 
significant except the position of reinforeement in some members and locations. 

Discrepancies in assumed values of material strength are those typical of 
manufactured products. For concrete the variables may be in manufacture 
testing, or placing. To select with reasonable assurance some minimum 
value of expected strength requires control of quality and knowledge of the 
range of variation within that quality. 

The mathematics of probabilities has been applied to test data from lab- 
oratory programs and construction projects and provides a useful means of 
measuring strength variations for a wide range of quality control. It is 
feasible to classify the degree of control from test data analysis. Similarly, 
the expected deviation from a specified or mean value for a specific quality 
can be predicted. This is a useful tool for providing the needed relationships 
between expected strength and controlled strength and between expected 
strength and quality control. The committee report describes this appli- 
cation and has chosen many of its factors from these probability relationships. 

To avoid the complexity of factors and adjustments to factors as sug- 
gested in the report, the measures for including the strength relationships 
in a code could consist of a table of “permissible” stresses for one or more 
grades or qualities of concrete with the specifications and definitions for 
those grades And their controls. 

The dimensional adjustments would be included as specific instructions 
where applicable. 
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Load effects and analysis 
The determination of the design criteria which measures some acceptably 


low probability of occurrence during the life of a structure is subject to many 


diverse variables. A study of these potential sources of error indicates that 
the laws of probability have little application. 

Within the Group II list. are two distinct divisions—those variables in- 
herent to the loads and use, and those arising from the structural analysis 
and computations of the load effects. 


Where the computation of moments and shears are by exact methods, the 
errors are well within the accuracy arising from the assumptions required 
by the method. When empirical coefficients are permitted, they are, or 
can be made, conservative within the range of application permitted. 


The prediction of load variation above some mean or normal value poses 
the difficult problem. In the first place, there is no set of mean live loads. 
There are legal and recommended unit live loads which differ code by code. 
To apply multiplier factors to these simply exaggerates the existing dis- 
crepancies. Any set of overload factors must be based on some uniform 
schedule of loads. This standard schedule should be selected for some pre- 
determined probability of occurrence. If the chosen unit values are suffi- 
ciently high, correspondingly low factors will suffice to provide for the in- 
erement of probable overload. 


Live loads 

_ The fundamental principle governing the report and this discussion requires 
that unrelated variables be treated separately. This would require the 
separation of live and dead loads as a general rule. Just as the sources of 
live loads differ so does their range of variation. Some are similar to dead 
loads in predictability. It appears then that some classification other than 
the present general one is needed if all live load effects are to approach a 
limiting value uniformly. The alternate is, as mentioned previously, the 
selection of the unit live loads such that the expected variation would be 
similar to that for dead loads. A common load factor for both could then 


be applied. 


Under existing conditions in this country any system of live load factors 
should be referenced to a specific schedule of live loads and separate load 


factors for dead load provided. 


Special hazards 
The provisions for adjusting safety to the consequences of failure are 


best made in the unit live loads or factors for the occupancy creating the 


hazard. Columns are critical for many reasons and their predicted strength 
should be arbitrarily made conservative, either by their strength equations 


_or permissible design stresses. 


ne 
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General comments 

When separate adjustments are made for several variables, consideration 
must be given to the probability of their simultaneous occurrence. Factors 
and controls must be designed not as isolated values but as contributing 
parts of the whole system. 

It should be noted that the system of safety provisions proposed will result 
in varying over-all safety ratios. Furthermore, these ratios will be “invisible” 
and “automatic” since they will not appear as values or factors, but will 
exist as a result of separate application of strength reduction and load ad- 
justment. This is desirable since the resulting probabilities of failure will 
be less susceptible to random fluctuation caused by design and construction 
and will more nearly measure the protection of life and property. 


By MAX HERZOG* 


The Committee on Load Factors of the International Council of Building 
Research is to be congratulated on its effort to put forward a logical approach 
to the basis of the numerical values of our factors of safety. But in my 
opinion, the recommendations made in the report of this committee still 
lack the full logical consequence. 


A structural element will fail if the actual strength of the construction. 


material will be so low under the value assumed in the design calculation, 
and/or the actual stress will be so high above the value assumed in the de- 
sign calculation, that actual strength becomes equal to actual stress. The 
occurrence of such a state depends on the probability of deviations from the 
design values for both strength and stress. Under the assumption that 
strength and stress have normal Gaussian distributions, as proved by ex- 
perience (by appropriate transformation any distribution can be transformed 
into a normal Gaussian one), the probability of a certain deviation can be 
calculated if both the mean value and the standard deviation are known. 
So, the only thing still to be done, is to fix the allowable probability of a failure. 
Prot! has shown that this requires close cooperation with the insurance 
institutes concerned. When damage in case of failure amounts to the con- 
struction cost of the structure that failed, he proposed, on the basis of his 
investigation, an allowable probability of failure of 1 in 1000; for damage 
amounting to 10 or 100 times the construction cost, he recommended 
allowable probabilities of failure of 1 in 10,000 or 100,000, respectively. 
Thus, it theoretically seems possible to evaluate factors of safety on the 


basis of a probabilistic analysis of all factors influencing both stress and 
strength. 


1, Factors influencing stress: 
(a) Loads (dead, live, and meteorological load; earth and water pressure) and 
foundation reactions (soil pressure, bearing capacity of piles) 
(b) Design calculation (assumption of the static system, most unfavorable loading, 
stress computation) 


*Member American Concrete Institute, Civil Engineer, Zofingen, Switzerland. 
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2. Factors influencing strength: 
(a) Strengths of construction materials (concrete, steel, variation of strength with 


the passage of time) 
(b) Workmanship (strictness of control) 


To evaluate the factor of safety from the data available, Russian engi- 
neers introduced coefficients of wniformity.2 The coefficient of uniformity is, 
for a given probability, a measure of the possible deviation from the mean 
value. An example will illustrate what is meant. 


Mean value, M = 1.00 
Standard deviation, « = 0.15 
Distribution is normal Gaussian 


Allowabl bability of bei ded, p = —~— 
owable probability of being exceeded, p = 7) 


1 
Auxili fact f = — ],F = 3.09 
uxiliary factor ( or p a) 3.09 


Coefficient of uniformity, K = M (1 = Fe). 
The plus sign applies to possible increases of stresses (Index 1, p. 1390), and the minus 
sign to possible decreases of strengths (Index 2, above). Thus, we obtain 

K, = 1.00 (1 + 3.09 X 0.15) = 1.46 

K, = 1.00 (1 — 3.09 X 0.15) = 0.54 


The greatest numerical value of the factor of safety S is obtained when the 
chosen allowable probability of failure p is divided among the four main 
factors influencing stress and strength in such a manner that the product 
of the uniformity coefficients of stresses, K., (loads and foundation reactions) 
and Ky (design calculation), divided by the product of the uniformity co- 
efficients of strengths, Ke. (strengths of construction materials) and Ky 


(workmanship) : 
= Ge Kw 
Koa Kx 


becomes a maximum. Since S, K1a, Ky, Koa, and K» are functions of p, there 


must hold: 
dS es 
ed and ayiee 
Summarizing, the writer wishes to point out that he prefers his own method 


of evaluating the factor of safety to that proposed by the committee, because 
the committee proposal at first implicitly assumes a standard probability of 
deviation from the mean value of 1 in 6.3 for both load and strength by 
putting f= 1, ‘and later on introduces corrections of over-all nature to 
better take care of reality, but without mentioning the probability of failure, 
underlying the recommended numerical values. The writer in his method 


explicitly defines the risk in form of the allowable probability of a failure 
y is calculated with the help of the coeffi- 
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cients of uniformity, thus making evident how the factor of safety really 
depends on the possible deviations from the mean values—as introduced in 
the design calculations—of all factors of influence. 

Finally, it should be mentioned that the adoption of factors of safety on 
the basis of a probabilistic analysis requires specifications reflecting this new 
viewpoint. Not only the mean value of strength alone should be specified, 
but the mean value and the allowable deviation, or the minimum value for 
a given probability of not being reached. The latter formulation leaves full 
freedom to the contractor in fulfilling specified strength requirements. To 
control the use made by the contractor of this freedom, reductions of the 
price of construction and penalties should be fixed in advance as adequate 
recompense for reduced usability of the structure, in case that the specified 
strength is not reached. 


REFERENCES 
1. Prot, M., “La Détermination Rationelle et le Contréle des Coefficients de Sécurité,” 
Travaux (Paris), 1953, p. 233. 
2. Gvosdjev, A., “Die Entwicklung der Stahlbetonfertigteilbauweise in der USSR, Die 


Montagebauweise mit Stahlbetonfertigteilen und ihre aktuellen Probleme, VEB Verlag Technik, 
Berlin, 1955, p. 160. 


BY EMILIO ROSENBLUETH* 


The distribution of a combination of random variables can be obtained 
through application of standard probability theory*+ or by the method of 
random products. An approximate method,* consists in taking the factor of 
safety for a combination of variables as given by the expression 


C=l+ yotc = Dds ee eee (1) 


where C; is the individual factor of safety for the ith variable, that is, Cy 
would be required if the 7th were the only random variable in order to give 
a prescribed probability of failure, and C is the safety factor required when 
all the variables are random. These factors of safety are taken with respect 
to expected values; to obtain the safety factor relative to nominal values 
one must divide by the product of ratios of expected to nominal values of 
the variables. 

Application of this method to the problem of the safety factor of timber 
structures, studied by Wood by the method of random products,® gives an 
error of 3 percent on the safe side. 

With inspiration in Wood’s paper, the following indeterminacies will be 
assumed for design of reinforced concrete. All distributions will be taken 
as normal. Corresponding values of parameters appear in Table A. They 
are based on judgment and limited data and the writer trusts that the com- 


*Member American C 


Mexico D. F., Mexico. onerete Institute, Research Professor, Institute of Engineering, University of Mexico, 


: 
j 
i 


ae 


eS 


EE RT OT Re ee Fee AN 


LOAD FACTORS 1393 


mittee will greatly improve them. Distributions assumed are admittedly 


incorrect but presumably satisfactory in the range of greatest interest. 


Strength as measured in control specimens 

The distribution for the steel yield point is frankly skewed and can prob- 
ably bé represented by Weibull’s distribution.’ For the present application 
it will be taken such that about 5 percent of samples fall below specification. 
For concrete the nominal strength will be assumed equal to the mean; the 
corresponding standard deviation could perhaps be expected to fall between 
0.07 and 0.14 of the mean, depending on the type of control.§ Indications 
are that the distribution may approach the extreme I-type for strengths 
much lower than the mean.* 


In-situ strength in terms of strength of control specimens 

For concrete, size and stress gradient effects combined with the effects 
of adequate placing, curing, and vibration will be assumed to give a distri- 
bution with mean equal to the nominal value and coefficient of variation 
0.05. At first glance a 15 percent reduction in the mean would seem justified, 
but it is assumed that such a reduction is systematically made in the formulas 
used to compute ultimate strength. For steel some reduction is expected 
from such practices as bending of bars, splicing, and welding. Admittedly 
a normal distribution can only be expected for reductions, not increases in 
strength. It should be noticed that the standard deviation of in-situ strength 
for steel is a decreasing function of the number of bars and the degree of 
statical indeterminacy. The mean should be reduced and the spread of 
reductions due to placing should be increased beyond the values assumed 
when expected construction practice deserves to be classified as average. 


Use of standard sizes 

- Rounding off to whole inches in dimensions of concrete members is done 
in such a manner as not to overstress excessively the concrete, hence the 
parameters assumed in Table A. Since bar areas differ by 30-60 percent in 
successive standard diameters of American practice, the spread in the case 
of columns with either an even number of bars or a multiple of four bars is 
large. To a lesser extent the same is true of sections of maximum moment 
in beams, but the spread is quite small in sections close to the points of cutoff 
of longitudinal bars. Again for steel it is not unlikely that a Weibull distri- 


bution would prove more appropriate, and the parameters certainly should 


be varied with the member size and type and with the bar diameter. 


Geometry of actual structure versus drawings 
In this connection, usual practice introduces both systematic and random 


_ differences between specified dimensions or position of reinforcement and 


actual values. Both types of variation are essentially independent of the 
size of the member. Hence it is not reasonable to assign to these 
variations a distribution in terms of a percentage of nominal dimensions 


unless the nominal dimensions are also explicitly assumed. Generally speak- 
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ing, total depths of members may be expected to be, on the average, 0.2 
in. greater than the specified depths with normal distribution and a standard 
deviation of 0.4 in. Widths would be subject to lesser variation. Effective 
depths for negative steel, at least in slabs, are systematically smaller than 
what the drawings show (about 0.35 in. smaller), are normally distributed, 
and have a standard deviation of about 0.4 in.* For columns, the cross- 
sectional area would be expected to be systematically a little larger than 
nominal, with deviations independent of size. In a specific type and size 
of member, on this account one could find the distributions assumed in 
Table A. 


Wear 

Due to blows, abrasion, and mild corrosion, resistance may be lowered. 
Ordinarily smaller members are apt to suffer relatively more from these 
causes than larger members. Under favorable conditions there should be 
no reduction on this account. 


Loads 

As stated by the committee, the probability distribution of the loads 
depends greatly on the type of loading. For a member subject to relatively 
small loads a nominal load equal to the mean and a coefficient of variation 
of 0.10 seem reasonable. Conditions would in general be more favorable 
for members subject to greater expected loads. 


Duration and repetition of loading 


It will be assumed that steel is unaffected by these factors but that the 
average strength of concrete, relative to that manifest in static loading, is 
reduced 10 percent with a standard deviation equal to half the mean reduction. 


Stress analysis 


Variations due to this concept will be included in factors with means and 
standard deviations as listed in Table A. When stability is governed by 
shear, the factors must be assigned a much greater spread. 


The following conditions were assumed in constructing Table A. (Except 
for subscripts and prime signs nomenclature is that of the committee.) 


A, = Allconditions met. No weathering or wear anticipated. Coefficient of variation 
in cylinder strengths is 0.07. 

A,’ = Coefficient of variation is 0.14. 

B, = Same as A, except average accuracy of computations. Parameters adjusted to 
give 15 percent increase in load factor over that for A, without change in 
probability of failure. 

C, = Same as A, but with average workmanship. Parameters adjusted to give the 
same load factor as for condition B,. 

D, = All parameters as for condition A, except in accuracy of computations (as 

; for B,) and workmanship (as in C,). 

D, = Same as D, but mild weathering and wear expected. 

D,' = Parameters as under condition D, except the coefficient of variation in 
cylinder strengths-is 0.14. 
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TABLE A—FACTORS AFFECTING SAFETY IN REINFORCED CONCRETE 
Cc t' St 
Condition Factor tae - _ a 
Expected Coefficient Expected Coefficient 
Nominal of variation Nominal of variation 

Ao 1 1.00 0.07 1.05 0.03 

2 1.00 0.05 0.98 0.02 

3 1.03 0.02 1,05 0.03 

4 1-03 0.05 0.97 0.05 

5 1.00 0.00 1.00 0.00 

6 1.00 0.10 1.00 0.10 

rf 0.90 0.05 1.00 0.00 

8 1.02 0.04 1.01 0.03 

Ad’ 1 1.00 0.14 1-05 0.03 
Bo 8 1.02 0.1145 1.01 0.1104 
Co 2 0.95 0.1004 0.95 0.0995 
Do 2 1.02 0.1145 0.95 0.0995 
8 0.95 0.1004 1.01 0.1104 
Di 2 0.95 0.1145 0.95 0.0995 

5 0.95 0.03 0.95 0.03 
8 1.02 0.1004 1.01 0.1104 

Dy’ 1 1.00 0.14 1.05 0.03 
2 0.95 0.1145 0.95 0.0995 

5 0.95 0.03 0.95 0.03 
8 1.02 0.1004 1.01 0.1104 


Parameters for factors not tabulated are equal to those for condition Ao. Expected/Nominal signifies ratio of 
expected to nominal value. Coefficients of variation are taken as ratios of standard deviation to expectation. 


Two other conditions will be considered: HA, and EDy,', for which the 
parameters are as for A, and Dy’, respectively, but the load factor is raised 
15 percent to correspond to potentially serious consequences of failure. 


Application of Eq. (1) permits computing the load factor relative to the 
product of the means. This is then divided by the product of ratios expected 
nominal to obtain the load factor relative to nominal values. Results are 
shown in Table B. For conditions A, through Dj’ permissible probabilities 
of failure were chosen as 10- and 5 X 10°‘ for concrete and steel, reflecting 
the different types of failure of the two materials in flexure of reinforced 
concrete elements. For conditions HA, and ED, the probabilities of failure 
were obtained by trial and error to give the desired load factors. 


Analogous computations were run with other reasonable sets of parameters 
and with much higher probabilities of failure. Substantially the same con- 
clusions were derived as from study of results listed in Table B. 


TABLE B—LOAD FACTORS AND PROBABILITIES OF FAILURE 


Concrete Steel 
Seta Load factor Probability of failure* Load factor Probability of failure* 
1.866 i! 1.472 5 
ay 2°375 1 1.472 5 
0 2.146 1 1.693 4 
0 2.146 1 1.693 5 
Do 2.404 1 1.878 5 
Di 2.535 1 1.981 5 
Dy 2.959 1 1.981 | 5 
EAo 2.146 0.035 1.693 0.186 
ED’ 3.403 0.158 2,228 — 0.720 
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Comparison of condition A.’ with A, and of D,’ with D; permits judging the 
validity of the committee’s definition of characteristic strength asf.’ — Fo with 
F = 1. With respect to the mean strength of concrete cylinders, the load 
factor for condition A,’ is 27.3 percent greater than that for condition A, 
while the one for condition D,’ exceeds that for D; by 16.7 percent. If F 
is taken equal to unity the increase in load factor in both cases, due to raising 
the coefficient of variation of concrete strengths from 0.07 to 0.14, is — 
((1 — 0.07)/(1 — 0.14)] — 1 = 0.081 or 8.1 percent. To give the correct ~ 
variation in load factors F would be required to equal 2.52 for conditions — 
A, and A,’ and 1.79 for D; and D;’. These values are much closer to Baker’s® 
proposal (F = 2) and in the first case even closer to the Russian building ; 
code (F = 3). 

Another way of arriving at the desired dependence of load factor on the 
standard deviation of concrete strengths may consist in the use of narrow 
tolerances on cylinder strengths. For example, the requirement that a certain 
percentage of the samples should give strengths not smaller than the nominal 
f/ and none below a certain percentage of the nominal f.’ can be made 
equivalent to adoption of as high a (variable) value of F as desired. How- 
ever no verdict can be issued on the adequacy of such specifications without 
a refined probabilistic treatment. 

Comparison of conditions B, and C, with D, permits evaluating the com- 
mittee’s proposal that the load factor under condition D be taken as 15 
percent greater than under B or C, each of which has been taken 15 percent 
in excess of the one for condition A to account for average accuracy of com- 
putations or workmanship, respectively. According to that proposal, the 
load factor for the concrete under D, should be 1.15 X 2.146 = 2.468, which 
exceeds 2.404 by nearly 3 percent. For steel the error is near 4 percent. 

Baker proposes® that increases in load factors (relative to f.’ — 2c) be 
taken as additive, not multiplicative. For concrete under condition A, there 
is a load factor of 1.866 X 0.86 = 1.605. If the one for conditions B, and 
C,, 2.146 X 0.86 = 1.846, is taken as correct, an increment of 1.846 — 1.605 
= 0.241 is due either to average workmanship or average computational 
accuracy. When both concepts are average the load factor relative to 
fc’ — 2¢ should be 1.846 + 0.241 = 2.087, which amounts to 2.087/0.86 = 
2.427 relative to f.’, introducing an error of 1 percent with respect to the 
formerly computed 2.404. For steel one finds by Baker’s criterion a required 
load factor of 1.912 instead of the actual 1.878, or an error of 2 percent. ; 
Since Baker’s and the committee’s proposals are equally simple, it seems . 
advisable to follow the additive criterion, which leads to errors half as great 
as the multiplicative rule, although admittedly the error is not large in either 
case. 

A different situation arises when analyzing the probabilities of failure for 
cases HA, and HD,’. Consideration .of the serious consequences of failure 
requires a 15 percent increase in the load factors of condition A,. This brings 
the corresponding chances of failure in the concrete down to about 1 /30 of 
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what they are under ordinary conditions. The result is acceptable in view 
of what would usually be understood by grave consequences of failure. But 
the same 15 percent increase in the load factor for condition Dy,’ leaves the 
probability of failure in concrete 4.5 times greater than for case HA,. Results 
for steel are only slightly less bad. Baker’s criterion of adding a constant 
to the load factor (relative to f.’ — 2c) to take care of the desired reduction 
in probability of failure would entail even greater disparity among the prob- 
abilities for cases HA, and EDy’. 


In order to have case ED,’ with the same probability of failure as HA, 


the load factor for concrete would have to be raised to 3.810, which represents 


an increase of 29 percent, not 15, over 2.959. It is apparent that variations 
in the seriousness of potential failures should not be adjusted by such simple 
rules as multiplication of the load factor by a correction coefficient or ad- 
dition of a constant. Unless other approximate but more accurate formulas 
are worked out, there is need for a table of load factors to cover cases of 
practical interest. 


Comparison of the load factors for D, and Dy, indicates the convenience 
of modifying the load factor when even mild wear or weather effects are 
anticipated. 


From the discussion of the variables that have a bearing on the choice 
of load factors, it is clear that vulnerability is a decreasing function of section 
dimensions. This is true of standard sizes, defects in geometry, effects of 
blows, abrasion and corrosion, uncertainty in loads, difficulty in placing 
concrete, and the consequences of insufficient curing. Certainly the desir- 
ability of lower probabilities in members carrying greater loads, combined 
with size effects in concrete strength, does not cancel the greater vulner- 
ability of smaller members. Hence it is justified to use load factors with 
decreasing functions of section dimensions. This is conveniently accom- 
plished by assuming in design effective section smaller than the nominal 
sections. One could, for example, reduce in computations 0.5 in. all around 
the perimeter of each member, reduce effective depths of negative reinforce- 
ment 0.5 in. (except where special provisions guarantee that the nominal 
effective depth will not be reduced), and “peel” reinforcing bars of, say, 
0.04 in. all around (only when weather conditions dictate it). Such practice 
is no more complicated than use of characteristic strength; analogous reduc- 
tions have for years been common practice in design of penstocks exposed 
to corrosion. Of course, load factors relative to reduced sections and to 
characteristic strengths should be lower than those referred to nominal 
values. The end result would be a set of probabilities of failure with not 
much more variation than is justified by variations in the consequences of 


failure. 
It is worth noting that the use of a load factor combined with a factor of 


safety in concrete strength and one in steel yield point ‘can be simplified 
7 by omiting the factor of safety in steel yield point and adjusting the other 


} 
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two factors accordingly. In cases of nonlinear dependence of ultimate load 
on strength, the same simplification should be possible with minor adjustments. 


Required load factors are sensitive to type of member. In an axially loaded 
column, a given change in the yield point of longitudinal steel produces a 
small percentage of variation in load carrying capacity. In a beam there is 
near proportionality between yield point of a few bars and ultimate load. 
Again in slabs the situation is much more favorable due to a combination 
of factors. 


Resulting differences in required load factors can be taken in consideration 
in building codes by specifying correction coefficients which depend on the 
type of structural member, as is done in the Russian code. More simply, 
design formulas and coefficients may be adjusted to take care of the vari- 
ations, as is done for flat slabs in the ACI Code. It seems indispensable 
to treat this point when specifying load factors. 


The committee implicitly recommends live load reduction in terms of the 
number of stories carried by a column. Yet it is well established that design 
unit live load should vary with tributary area rather than number of 
stories.!°!2_ Variation with number of stories is in any case a minor refine- 
ment to be superimposed on the variation with loaded area. Objections 
to the tributary area criterion, based on the insufficiency of data for such 
specifications, apply equally to the number of stories criterion. 


From the present discussion the following conclusions can be derived. 


1. Although available data are incomplete, there is a wealth of information in 
the literature. In view of this and of the complexity of the problem, it is justified to 
study the question by the method of random products. The writer is confident that 
the Committee will greatly improve on the study presented in this discussion. 


2. Effects of average workmanship and average accuracy of computations are 
better accounted for by the use of additive constants than multiplicative correction 
factors. 


3. Load factors should depend on the degree of exposure to wear and weathering. 
They should also depend on the type of member considered. This can be taken im- 
plicitly in consideration by adjusting design formulas and design coefficients in building 

* vodes. 

4, A greater weight should be assigned to deviations in concrete strength than im- 
plied in F = 1. It seems appropriate to take F = 2 or greater. Narrow tolerances in 
minimum cylinder strength may also lead to satisfactory results. 

5. A more refined treatment of the severity of potential failure is justified than 
multiplication by 1.15 or 0.85. ; 

6. The greater vulnerability of small sections should be taken into consideration. 
This is conveniently achieved by “peeling” nominal concrete sections in design, de- 
priving them of a skin of constant thickness (such as 0.5 in. all around the perimeter), 
which should only depend on expected workmanship. A similar practice is advisable 
for reinforcing bars when these are prone to corrosion. Effective depths of negative 
steel should also be assumed smaller than nominal, with a constant reduction, unless 
special provisions are sure to be taken to fix the position of reinforcement. 


7. Design unit live loads should depend on tributary area rather than on number 
of stories carried by a column. 


‘ 
7 
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8. Rather than requiring a load factor, plus a safety factor on concrete strength 
and one on steel yield point, the values may be adjusted so as to permit omission of the 
safety factor for steel yield point. 
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3 CLOSURE BY EDUARDO TORRAJA 

- Mr. Herzog deplores that the committee proposal makes no reference to 
the probability of failure, and for that reason he prefers systems similar to 
~ the one put forward by Prot. But in actual fact, the committee proposal 
4 is largely based on the ideas of Prot. The apparent difference lies in that the 
E abbreviated form adopted by the committee, suitable for practical appli- 
cation, makes it impossible to include the laborious calculation procedure 


of the various probabilities of failure, which has been the basis for the de- 
termination of the final coefficients. 

These probabilities of failure have not been fixed in an arbitrary or con- 
ventional adoption of a numerical factor (for instance, p = 0.001 for normal 


cases, p = 0.0001 for cases of grave risk). 
The system adopted is based on the following principles. 


1. The greater the factor of safety, the greater the cost of the structure. 

2. The greater the factor of safety, the smaller the probability of failure. 

3. If C, is the cost of the structure for a given factor of safety, D the damage due 
to a possible accident, and py the probability of failure (which, like Cy, is a function of 
the value 7 assigned to the factor of safety), then the over-all cost-of the structure, 
including the insurance premium to cover against the possible damage D, will be: 


Cr = Cy + py(D + Cy) 


, 
E 
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4. The factor of safety has been defined as the value y which makes the total cost 
Cr a minimum. 

5. In the analytical investigation, whereby the function giving the probability of 
failure p, has been obtained, the hypothesis of a Gauss distribution of errors has not 
been assumed. The initial experimental statistical laws have been plotted by points, 
in accordance with available data, including local distortions. The analytical ex- 
pression of these laws has been accomplished with the aid of special mathematical 
methods, which were worked out for this purpose (Cf. El Coeficiente de Seguridad en 
las Distintas Obras, by A. Paez, directed by E. Torroja, published by Instituto Tecnico 
de la Construccion, Madrid, 1950, 210 pp.). 


The author believes that the method adopted to estimate the probability 
of failure is more accurate than the method of random products proposed 
by Mr. Rosenblueth. The possibility of adding additive constants, instead 
of correcting factors, was discussed by the committee. The second method 
was chosen as it offered a better representation of the theoretical results 
obtained by direct calculation. It must be noted that the coefficients have 
not been formulated in exact accord with the theory. They only constitute 
a simplified representation of the results obtained in the general investigation. 


Mr. Rosenblueth’s suggestion that the design unit live load reduction 
should be expressed depending on tributary area rather than on number 
of stories carried by a column is interesting. As a general rule, the distri- 
bution of live loads in various stories is due to independent causes. Hence 
the probability of a simultaneous maximum overload is small. It is likely 
that the same is true for a large area within the same floor level. The diffi- 
culty lies in determining this a priori: this does not seem likely, except in 
particular functional cases. Finally, the general recommendations must 


always be applied after evaluating their aptitude to the particular case 
involved. 


Mr. Collier proposes to study and evaluate the factors of safety by splitting 
up these factors into the various sources of error which may arise. 


_ In his view, this system, in addition to a greater accuracy in fixing the 


numerical value, is more flexible in its adaptation to the various particular 
cases. 


Actually this was the method that was followed in working out the con- 
clusions as finally approved. Starting from statistical laws, graphs were 
drawn illustrating the probability that a particular variable might surpass 
a given value. After defining the laws describing a particular phenomenon, 


these had to be integrated so as to determine the over-all probability law | 


as a function of the resulting factor of safety, representing the product of 
the different variables included in the over-all probability law. 


This probability law or function, which gives the probability of failure 
for a given value of the factor of safety, defines the condition of minimum 
cost of insured structure, which is the objective basis for the determination 
of the magnitude of the factor of safety as adopted by the committee. 
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However, the joint probability law depends not only on the mean error 
of each of the parameters but also on the form of the individual statistical 
law of probability. 

As it is practically impossible to work out in each particular case the com- 
plex set of calculations which are necessary to integrate the various prob- 
ability functions, it was decided to do this for the most usual cases, and from 
these results the practical conclusions given in, the proposal were finally 
obtained. 

To simplify as much as possible the practical method of obtaining the 
coefficients, various sets of facts have been grouped together under com- 
prehensive headings, although as Mr. Collier points out, these could be | 
analyzed or evaluated separately. If these circumstances were subdivided 
more closely, and if this were to be done objectively, it would involve a 
statistical investigation of the errors. This would require a search and 
compilation of data, for a particular case, demanding .much time, without 
thereby leading to significantly greater accuracy. 
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Disc. 55-37 


Discussion of a paper by George C. Ernst 


Moment and Shear Redistribution in Two-Span 
Reinforced Concrete Beams’ 


By MILIK TICHY and AUTHOR 


By MILIK TICHY+ 


Regarding the results summarized by the author I should like to draw at- 
tention to the fact that the maximum theoretically possible load for a given 
continuous beam is determined by the plastic hinge method, which was also 
used for evaluating the crushing load of the test beams. The excessive ratios 
of maximum applied test load to the calculated crushing load seem to indi- 
cate some error in the determination of constants appearing in the calculation 


of crushing moments. 


The discrepancy may be explained by the accidental behavior of the moment- 
curvature relationship, which has an important influence on the ultimate 
load of a continuous beam. 

We have measured the curvatures in 139 sections of 12 pretensioned simply 
supported beams by means of a curvature gage. We have found a coefficient 
of variation of curvature of about 8 percent. This coefficient was constant 
with increasing load. Its value would perhaps be greater for ordinary rein- 
forced concrete beams. I suppose that a statistical approach to the solution 
of crushing strength of continuous beams is necessary to find the source of 
discrepancies between tests and theoretical results. 

Regarding the manner of redistribution and its invariancy with the steel 
ratio, I received similar theoretical results for prestressed concrete beams. 

The loading cases No. 2, 3, and 5 and their results are most interesting. 
In my opinion they bring something new in the investigation into the rein- 
forced concrete continuous beams. 


AUTHOR’S CLOSURE 


With regard to the ratios of maximum applied test load to the calculated 
crushing load, the large ratios for the low-steel ratios are not due to an error 
in the determination of the constants for calculation of the crushing moments. 


_ The crushing moments were computed as defined in References 1 and 7, 
which provide values based on the attainment of an ultimate compressive 
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strain corresponding to the full development of the stress-strain relationship 
for concrete. Such moments are not the ultimate or maximum moments for 
steel ratios below the balanced value (see Reference 1), but were considered 
more desirable as reliable analysis limits for the purpose of determining the 
steel ratio at which the maximum applied test load occurred simultaneously 
with calculated ultimate compressive concrete strains at the critical sections. 

It is encouraging to know that theoretical calculations for prestressed 
beams tend to confirm the manner of moment and shear redistribution with 
regard to variations in steel ratios. 

The discussion by Mr. Tichy was appreciated and also helpful in clarifying 
certain aspects of analysis that were not made clear in the paper. 


_ Disc. 55-39 


Discussion of a paper by Jack R. Benjamin and Harry A. Williams: 


Behavior of One-Story Reinforced Concrete 
Shear Walls Containing Openings 


By VITELMO V. BERTERO, JACQUES COHEN and A. M. OZELL, and AUTHORS 


By VITELMO V. BERTERO}{ 


By the publication of this outstanding paper the authors have done a great 
service to all those interested in the design of reinforced concrete shear 
wall structures, which is one of the most satisfactory type of structures to 
Z resist large loads produced by atomic blasts, earthquake or wind. 

4 This writer has had occasion to become acquainted with the excellent work 
7 previously done by the authors’ while studying the behavior of shear walls 
with solid panels, under dynamic loads, at the Massachusetts Institute of 

Technology. The results of this study were reported in a thesis'* and in 

unpublished partial reports. This background enhanced the writer’s interest 

in the authors’ paper and provided the basis for a substantial portion of the 
discussion which follows. 

Regarding the analysis of the behavior of reinforced concrete shear walls 
in the elastic range, the writer agrees with the authors, that the Portland 
Cement Association procedure offers some inconsistencies and its application 
yields results which are questionable. 

The method of analysis suggested by the authors which more accurately 
accounts for distortions seems to be a more rational approach to the problem. 
The accuracy of the method is well illustrated by the excellent correlation 

_ between experiment and theory for Type I walls. It is regretted that, due 
perhaps to the necessity of condensing the paper, the authors did not illustrate 
its application. 

The writer agrees also with the authors that the lattice analogy solution 

- gives better results, however, he believes that the accurate prediction of the 
behavior of shear walls in the elastic range is of academic importance only. 

Of more importance is the prediction of the wall behavior involving inelastic 

deformation, since under design conditions it may be desirable to allow for 

a certain amount of cracking and in some cases even larger deformations 

approaching collapse. 

It is possible that the lattice analogy may be used satisfactorily under static 

 eonditions to predict the behavior of walls with openings in the inelastic 
range. Based on the writer’s experience with this method it would appear 
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that to obtain fair results it would be necessary to increase the fineness of the 
lattice pattern to such a degree that the time involved in its solution would 
make it prohibitive. 


It is perhaps due to the above fact that the authors preferred to use directly 
an empirical method, which assumes the load-deflection relationship beyond 
cracking can be approximated satisfactorily by two straight lines. The first 
straight line gives the relationship between the cracking load and the ultimate 
load, and the second is a horizontal line representing deflections after ultimate 


load. The deflection associated with ultimate collapse, however, is not defined. | 


From the analysis of the curves given in Fig. 4, 5, and 8 it can be seen that 
with the exception of Specimens H-8 and HII-4, the agreement between 
the experimental and theoretical curves appears to be very good. 


In spite of this satisfactory agreement the writer has some doubts about 
the generality of the empirical relationship used by the authors to determine 
the deflection at ultimate load, i.e., ‘‘five times the elastic deflection that 
would be present if the wall acted elastically up to the ultimate load.” 


If it is true that elastic deflection may give some indication of the deflection 
after wall cracking, it seems that this cannot be taken as the only factor on 
which to base the deflection at ultimate load. While the wall rigidity in the 
elastic range is virtually a function of the dimensions of the wall, size and 
location of openings, and of the modulus of elasticity of the concrete and is 
practically independent of the amount and distribution of steel in the panel 
and bounding frame, this is not true for the inelastic range. In this case 
the rigidity and, above all, the ultimate load seems to depend to a large 
extent on the amount and distribution of the reinforcing. This influence 
was pointed out by the authors in their previous paper* where the behavior 
of wall with solid panel was discussed, and is also implied in the following 
statement taken from their present paper: ‘Long diagonal well anchored 
corner bars significantly increase both strength and rigidity of a wall con- 
taining openings once cracking begins.”’ 


~ It is regrettable that the authors did not show the theoretical load-deflection 
curves for HR and VRR series walls, because the writer feels that a com- 


parison of these curves with those obtained experimentally would have shown 
clearly the influence of the steel. 


As an example the writer would like to compare Specimens VRR-4 and 
VRR-5. These two walls were identical with the exception that-VRR-5 
had two extra #3 long, crossed diagonal bars in each pier. Consequently, 
the first major crack occurred under the same load, and in spite of the fact 
that the experimental curves showed different elastic deflections, it is logical 
to assume the same lateral stiffness for each specimen. The average lateral 
stiffness of these specimens is approximately 7.5 X 10-4 in. per kip. Using 
this value and the method suggested by the authors, the load-deflection 
relationship for the cracked range can be determined. If this is done the 


| 
| 


ee 


a — 


SHEAR WALLS CONTAINING OPENINGS 1407 


load-deflection straight line for VRR-4 would be in good agreement with the 
experimental curve, however, for VRR-5 this could not be true. In this case 
the computed value is considerably larger. 

Similar results are obtained if the load-deflection curves for Specimen 
HR-5 and HR-7 are compared with that of HR-3 or HR-4. 

From the analysis of the load-deflection curves for HR and VRR series 
walls, it can be seen that adequate reinforcing in the piers and around openings 
not only increases strength and rigidity, as concluded by the authors, but 
also increases considerably the energy absorbing capacity of the wall at failure. 


- For example the addition of two #3 diagonal bars in VRR-5 with respect to 


VRR-4 increased the energy absorbing capacity approximately 1.6 times. 
Additional reinforcing in the piers and the presence of two #2 diagonal 
bars in HR-5 instead of the two #2 extra straight side bars of HR-4, meant 
an increase in the energy absorption capacity of more than four times. 


Ductility 

The energy absorption capacity of a shear wall which is an important 
factor in the design of blast or earthquake resistant structures depends to a 
large extent on the ductility ratio. This is defined!‘ as the ratio of maximum 
deflection at the point of collapse to the yield deflection. The deflection at 
ultimate load as computed by the authors could actually be considered as 
the yield deflection. Unfortunately there is presently no suitable method 
available for the prediction of the deflection at collapse. 

As indicated by the load-deflection curves presented by the authors, this 


ratio varies from 1 for Wall VRR-1 (brittle failure) to 6 or more for Wall 


HR-5. Of course due to uncertainties about the rate of loading and test 
procedure in general these values may be only crude approximations. 

Based on the experimental results obtained by the writer on walls with 
solid panels, it appears that the ductility ratio depends to a large extent on 
the percentages of steel in the panel and in the columns. Increasing the 
amount of steel increases continuously the rigidity and strength of the wall, 
the ductility ratio increases only up to a certain point and then decreases. 
If the percentage of steel is increased sufficiently the ductility ratio can be 
reduced to 1, i.e., the failure of the wall is a brittle one due to crushing of the 


~ eonerete in the panel at the corner closest to the point where the load is 


applied. 
Finally the writer would like to comment on the limitations in the applic- 
ability of the data presented, and method suggested by the authors insofar 


as the prediction of the behavior of the complete shear wall structure is 
concerned. 


| : Other variables affecting shear strength 


In the design of monolitic reinforced concrete shear wall structures difficulties 
may arise in applying their data due to the fact the actual load-displacement 
relationship of the structure is a function not only of the rigidity of the shear 
wall itself but of many other parameters as well which éan never be accurately 


an 
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determined. Among these parameters are two which are related directly 
with the rigidity of the shear wall. These are, the sliding and rotation of the — 
foundation and the integral action of shear wall, face walls, and floor and roof 
slabs. Since the data given by the authors are for walls supported on es- 
sentially a rigid foundation, their use is somewhat limited. 

The writer is aware of the fact that a primary consideration in the design | 
of building foundations subjected to large horizontal loads, is to prevent or 
at least to limit both sliding and rotation to such magnitudes that these 
motions do not affect the behavior of the structure under static loads. While 
the design loads are normally considered as static loads, they actually are 
dynamic in character. Therefore small amounts of sliding and/or rotation 
may affect considerably the dynamic response of the structure. 

Regarding the influence of face walls and floor slabs, it is obvious that | 
these elements acting as integral parts of the structure may impart con- 
siderable strength and stiffness to the shear wall itself. The effect of this 
additional strength which was investigated by the authors in the case of solid 
panels? may become important in the analysis of relatively flexible shear 
walls, i.e., walls with small L/H ratio and large openings as would be the case 
of walls represented by Specimens H-7, H-8, and H-9. 

A good illustration of this influence can be obtained by comparing the 
load-deflection curves of Specimens HII-3 and HII-1. These two specimens 
were identical except the main tension and compression columns, which 
simulate to a certain degree the interaction of face walls, were eliminated 
in HII-3. From the data given in Fig. 8 it can be seen that HII-1 was twice 
as strong as HII-3 and approximately 1.8 times more rigid. 

It should perhaps be pointed out that the difficulty for an accurate evaluation 
of the above mentioned influence, lies in the uncertainty as to the effectiveness 
of the flange action of the face walls or slabs acting integrally with the shear 
wall. 


Effect of vertical forces 

Another factor affecting the behavior of shear wall structures is the presence 
of vertical forces. According to the results obtained by the writer on walls 
with solid panels, even a small vertical load acting downward at the top of 
the bounding tension column, changes the mode of failure, and consequently 
the value of the ultimate load and the ductility ratio. This vertical load does 
not allow bending cracks or diagonal tension cracks to develop, thus resulting 
in brittle failures due to crushing of the concrete in the panel at the corner 
closest to the point where the load was applied. 

It is hoped that none of the foregoing discussion will be interpreted as un- 
warranted digression, but rather that it will be deemed to have a useful 
relationship to the author’s excellent presentation. 
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By JACQUES COHEN* and A. M. OZELL{ 


The authors are complimented for the excellent reporting and presentation 
of the tests on the behavior of one-story reinforced concrete shear walls con- 
taining openings. 

Similar studies involving a full size steel frame filled with unreinforced 
concrete block masonry have been conducted at the University of Florida. 


The following excerpts from a report of this study{ are presented for the 
purpose of throwing additional light on the behavior of frames containing 
shear walls with and without openings. 


The purpose of this study was to determine the behavior of steel frames 
filled with unreinforced masonry walls by conducting tests on a full-scale 
model. Effects of openings, 
such as windows and doors, 
also were considered. A 
total of four tests were run, 
i.e., bare frame, frame with 
solid wall, frame with wall 
containing a door opening, 
and one with a window 
opening. 

The testing frame con- 
sisted of a 10 X 15-ft steel 
bent and was supported on 
‘pins which allowed the ends 
torotate. Fig. A shows the 
test setup with the frame 
filled with masonry wall 
containing a door opening. 
The amount of restraint of 
the column ends was con- 
trolled by applying known 
forces with a jack through 
a lever system. 

The frame was loaded 
horizontally by a hydraulic 
jack and the magnitude 

*Member American Concrete Institute, 
Student, University of Florida, Gainesville, eee of Civil Engineering, Usiversity of Florida, Gainesville, Fla. 
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Fig. A—Frame with wall containing a door opening 
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of the force was determined with the aid of a dynamometer. The side sway 
deflections of the frame were measured by dial gages. 


Test Results 

Fig. B shows the theoretical and experimental load versus horizontal 
deformation (H-5) for the bare beam. Theoretical values were computed 
by using a numerical procedure and a value of 30 x 10® psi for the modulus 
of elasticity for steel. 

Fig. C is a composite presentation of test results showing the deflected 
column reading for all frame conditions. The test results indicated that the 
frame with a solid wall was about 7.0 times more rigid than the bare frame; 
the frame with a wall containing a door opening was about 2.5, and the one 
with a window opening was about 7.0 times more rigid. All these values 
were based on uncracked wall conditions. 

As could be expected, the behavior of each structure tested was different. 
However, there were some common characteristics: 


_ (1) The column ends were considerably stiffened by the walls; 


: (2) The increase in rigidity of the composite structure when filled with 
the solid wall and with the wall containing a window opening showed a range 
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Fig. C—H-6 diagrams for 
various frame conditions 


Load "'H'' in Kips 


RS ee ee ee ee, SR SR 


tate I 
. < 
* 


0 «10 -20 
Deflection § in Inches 


in which the stiffening effect was the same for both cases. This suggests 
that the wall had a pronounced damping effect on the deformation of the 
structure up to the first crack. 


(3) For relatively high horizontal loads there was a plastic deformation 
in the frame which was greatest for the case of the frame with a wall con- 
taining a door. The residual stresses in the steel frame caused by the plastic 
deformation of the composite structure were relieved after the removal of 


the wall. 

(4) The cracks in the walls containing openings followed the direction of 
a line passing through the point of application of the load and the upper left 
corner of the opening and another from lower right corner of the opening to 


the right column end. 


Reference Axis 
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(5) Each of the three walls tested showed a crack along the upper boundary 
between the steel and the wall. This type of cracking would probably occur 
only when the horizontal load applied to the structure was a concentrated one. 


(6) The right reaction of the beam carrying the wall increased because 
of the application of the horizontal load. This behavior is explained by a 
shifting of the reference axis of the portal toward the interior of the composite 
structure (See Fig. D). 


AUTHORS’ CLOSURE 


The authors are gratified by the interest shown in their paper and wish 
to thank the discussers for their comments. 

Mr. Bertero is quite correct in his conclusion that the deflection at ultimate 
is poorly defined. Unfortunately, the behavior of a shear wall is a function 
of the testing technique once major cracking begins. In general, if the rate 
of loading is increased, higher strengths result with some change in the de- 
flection at ultimate. When the loading is made in steps with time intervals 
for reading, cracking not only occurs during the actual loading but during 
the gage reading period as well. The authors felt that the tests were not 
extensive enough to give a reliable index of deflection at ultimate load. 

The authors did test solid panels with vertical as well as shear loading. 
The vertical loading was applied to the panel edge rather than the columns. 
This vertical loading did not appreciably influence the shear wall behavior. 
Unfortunately, time allowed only limited testing and inasmuch as a definite 
trend did not appear, the study in this direction was abandoned. 

The concrete block tests reported by Messrs. Cohen and Ozell are very 
interesting. The authors tested two panels similar to those tested by the 
discussers. One panel was solid and the other contained a window opening. 
The walls were reinforced with a steel ratio of 0.002 with typical reinforcing 
pattern. The steel appeared to have no influence on strength or deflection. 
The results of the tests were similar to those found by the discussers. 
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Disc. 55-42 


Discussion of a report by Subcommittee VII, ACI Committee 325: 
Continuous Reinforcement in Highway Pavements™ 
By BENGT F. FRIBERG and SUBCOMMITTEE 


. By BENGT F. FRIBERG{ 


This first report of Subcommittee VII, Committee 325, includes items 
which may be clarified by discussion while continuously reinforced pave- 
ments are still subject to exploratory research, and before design. criteria 
become standardized on the basis of observations and conclusions which 
are incomplete and, to some extent, controversial. 

The essential characteristics of continuously reinforced pavements are: 
firstly, absence of closely spaced contraction or expansion joints; secondly, 
presence of longitudinal steel in sufficient amount and slabs of sufficient 
length so that closely spaced transverse cracks are inclined to occur, for 
distribution of length changes, which would otherwise occur only at widely 
separated points with much greater movements. There is no essential basis 
for the committee’s suggestion that the design be limited to continuous 
pavements so long “that a considerable central portion is fully restrained 
against longitudinal movements due to seasonal temperature changes.” The 
only essential functional design result are closely spaced cracks which might 


‘be counted on not to open wide enough at low temperatures to permit damage 


to the subgrade or to load transfer across the cracks. Considered on this 
basis continuously reinforced pavements could well include all appropriately 
reinforced unjointed pavements longer than conventionally reinforced slabs, 
‘which would be a more inclusive and logical scope of design, devoid of arbi- 
trary limitation and changing interpretation. 

Conventional plain pavements are built with slabs short enough to avoid 
significant cracking of the individual slabs. In conventional reinforced 
pavements cracks are anticipated as a normal occurrence, and it is intended 
that the steel should keep them from opening. In either type of design, 15 
to 25 ft is accepted as a normal spacing between either joints or cracks that 
Cracks normally develop over several years. In appreciably 
combinations of traffic, load stresses, and curling or warping 
each critical magnitude, although with favorable 
service and with light traffic, much 
ked for much longer than usual 


may occur. 
longer slabs, 
stresses may normally r 
materials or environmental conditions in 
longer slabs may remain intact or uncrac 


‘periods. 
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For the Indiana project, Cashell and Benham (Proceedings, Highway Research 
Board, V. 29, 1949, p. 68, Fig. 22) have demonstrated that frictional stresses 
have no significant influence on cracking of pavement slabs up to between 
100 and 150 ft long, but that in longer reinforced pavements length has 
rapidly increasing influence on cracking, noticeable as greatly increased 
cracking frequency in central parts of longer slabs. Bar reinforced slabs 
approaching 300 ft in length exhibited crack spacing entirely characteristic 
for continuously reinforced pavements. For the steel percentages used, 
0.45, 1, and 1.8 percent, the decreasing crack spacing in sections from 200 
to over 1000 ft long was closely related to section length and independent 
of the amount of steel. 

These sections in the Indiana project fit crack spacing, location, develop- 
ment, and other characteristics of continuously reinforced pavements, except 
the arbitrary minimum length for such pavements proposed in the report. 
It is suggested that observations on all 300 ft and longer sections of the 
Indiana project should be included in studies of continuous pavement behavior, 
especially since they contain steel percentages typical for continuous reinforce- 
ment and have reached a more appropriate age for appraisal than later projects. 

The report quite correctly deals with some primary intended functional 
design details: causes of cracking, crack spacing and location, and crack 
width. Contrary to the expressed view in the report, reasons for cracking 
of continuously reinforced pavements appear to be relatively well estab- 
lished. Furthermore, the report seems to disregard the major variable bond- 
ing characteristics between the steel and concrete and their relation to early 
stress developments as well as continuing cracking and crack widths in 
continuously reinforced pavements. 


REASONS FOR CRACKING 


Occurrence of the characteristic cracking is generally ascribed to restraint. 


tension stresses caused by frictional resistance to temperature contraction 
and shrinkage, with the latter influence pronounced in the drying concrete 
at early age and especially near the surface of the pavement. The maximum 
stresses are dependent on the magnitude or degree of restraints, higher in 
construction placed at comparatively high temperature and in concrete 
containing more steel with greater bond resistance at increased distances 
from free ends. , 


Closely spaced cracks are noticeable in high temperature construction 
even at early age, before traffic loads exert appreciable influence on stresses, 
indicating that contraction restraint and warping stresses together can reach 
critical magnitudes at early age. The flexural wheel load stresses and curling 
and warping restraint stresses increase gradually from cracks. Critical stress 
levels are reached by direct and flexural stresses in combination, although, 
as shown in published studies,* for steel with a high bond modulus tension 


*Friberg, Bengt F., “Frictional Resistance under Concrete P. i tresses i Rein- 
forced Slabs,” Proceedings, Highway Researab: Board, v. 33, 1084 1g? ge . ean 
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stresses alone can be critical without additive flexural stresses. Steel stress 
at crack and concrete stress between cracks are more dependent on the 
changing bond development between the steel bars and concrete than upon 
steel percentage. Design difficulties which have not been considered in 
the committee study are that bond slip can become localized to cause con- 
traction predominantly at some cracks and greater than desirable movements 
at those cracks. The design objective of close crack spacing and narrow 
j cracks can be attained with certainty only at early age because of progressive 
decrease in steel stresses at cracks with advancing age. It may involve 
uneconomical amounts of steel and is subject to uncertain variables of con- 
P struction temperatures. 


~ + 


; Restraint by the reinforcing steel to longitudinal curling is not believed 
3 to be a principal cause of cracking, although suggested in the report. It 
4 is inconsistent with behavior of cracked reinforced concrete that the rein- 
forcing steel could “restrain the pavement from warping due to normal 
temperature gradients.” The stiffness of the steel itself is insignificant and 
it could not influence materially that of the uncracked concrete between 
cracks. Any restraining couple at a crack could arise only as a result of 
opposing forces, or equivalent stress changes, on the concrete and the steel 
at the crack; but as both are generally subject to temperature variation 
in the same direction, substantial restraining couples could not occur normally. 
Curling restraints increase from ends over a comparatively short distance 
inward to a substantially constant maximum, related to the exposure, but 
would always be appreciably relieved at a crack. Incremental tension re- 
straint stresses in the longitudinal steel coincide more closely with observed 
crack orientation, and are sufficient to explain the pavement behavior when 
considered together with normally occurring flexural stresses at early age. 


CRACK SPACING AND CRACK WIDTH 


Any pavement restrained against length change must undergo a stress 
change, the strains for which constitute the restraint to length change. Full 
restraint to temperature drop in concrete equals 10 to 25 psi per deg F 
temperature change. Obviously concrete cannot sustain too great a temper- 
ature drop, or its equivalent in shrinkage, without critical tension stress. 
When cracks occur to relieve concrete tension at the crack, tension can be 
reintroduced into the concrete only through bond on each side of the crack. 
Steel stresses at cracks, and partial concrete restraint stresses after cracking, 
are primarily gaged to steel bonding properties. Normal steel bonding — 
characteristics involve sufficient slip for primary adjustments to low temper- 
atures to take place in the form of elongation of the steel across the crack 

“for some distance on each side, visible as crack widening, rather than as 
elongation of the concrete between cracks under tension restraint stress. 
Crack widths would then be closely related to crack spacing primarily, and 


not the the concrete stress imposed by the steel. 
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Maximum stress at cracks and extent of active bond on each side occur 
at the lowest temperatures in pavements under full restraint. The maximum 
crack widths are nearer to values based on temperature contraction and 
moisture change than to “infinitesimal width changes.” Bond slip being a 
nonelastic property, cracks remain open to some extent subsequently, unless 
closed by compressive stress in the steel. Soil infiltrates into the cracks at 
low temperature so that actually they do not close even at high temperatures, 
subjecting the pavement to substantial compressive stress. 


The report refers to width measurements on the Illinois 7- and 8-in. pave- 
ments at 10 years’ age, which averaged 0.034, 0.023, 0.016, and 0.010 in. 
for average crack spacings of 12, 8, 6, and 5 ft in pavements reinforced with 
0.3, 0.5, 0.7, and 1.0 percent steel, respectively. These crack widths were 
measured at 106 F slab temperature, and it is doubtful that actual widths 
below the surface were any less at the conditions of compressive restraint 
which must have existed, a condition different from that suggested in the 
report, which would be typical for much lower temperatures. The total 
crack widths indicated by the measurements are: 


For 0.3 percent steel, 12-ft spacing, crack width = 0.28 in. per 100 ft 
For 0.5 percent steel, 8-ft spacing, crack width = 0.29 in. per 100 ft 
For 0.7 percent steel, 6-ft spacing, crack width = 0.27 in. per 100 ft 
For 1.0 percent steel, 5-ft spacing, crack width = 0.20 in. per 100 ft 


(The average crack widths were based on measurements of 60 cracks in five groups, 
which gives a more representative integrated value for large than for small crack spacing.) 


The data show surprising uniformity of total crack width for 0.3 to 0.7 
percent steel, indicating that the crack widths cited in the report, for those 
steel percentages at least, is purely a function of crack spacing. The data 
do not support suggestions in the report, that the reinforcing steel “controls 
the amount of crack opening in addition to governing the crack interval”’ 
(italics are those of this discusser) and “that there be enough steel to prevent 
any excessive opening of the cracks.’ 


Contrary to expressed design objectives, it would appear from the Illinois 
measurements as well as measurements on the New Jersey project,* data 
from which are shown in Fig. A, that cracks open appreciably at low temper- 
atures and thereafter remain open to some substantial degree. The reason 
must be that soil does infiltrate and remains in the cracks; however, possibly 
because of compression across the infiltrated cracks at increasing temper- 
ature, the aggregate interlock and effective sealing may not be lost. The 
observed crack widths at high temperature on the Illinois project and in the 
central fully restrained portions of the New Jersey project indicate the 
presence of substantial compression restraint stresses with advancing age 


at high temperature. Variations in crack width at low temperatures, without | 


compression restraints across cracks, have not been explored adequately on 


*Van Breemen, William, ‘Report on Experiment with i Reinf i 
New Jersey,"’ Proceedings, Highway Restarsli Bane v. 30, toes idammco ty ie ges a ogy 
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existing projects. General observations indicate that adequate load transfer 
and sealing have existed. across cracks which have been wider than generally 
recognized limits for open cracks. Maximum acceptable crack spacings and 
crack widths for the intended design objective have not been established. 
Crack spacings of 8 to 10 ft appear to be acceptable, provided occasional 
wide cracks could be avoided. 


The primary difference in behavior between conventional short slab con- 


struction and continuously reinforced pavements would be the shorter com- 
ponents between cracks in the latter when built at high temperature, cor- 
respondingly narrower cracks at low temperature, more uniform in width 


on 
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hs in relation to slab temperatures, based on 10-in. gage 
measurements across crack in fully restrained locations on the New Jersey contin- 
uously reinforced pavement. Crack widths for unrestrained temperature contraction 
of the concrete are indicated ~ 


Fig. A—Total crack widt 
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because of the ties across them, and load transfer preserved across the 
narrower uniform crack widths, irrespective of soil infiltration. Plastic flow 
in tension at low temperature is not believed to be a factor influencing crack 
width. Compression is much more prevalent, and creep at high temperature 
restraint may be a factor in minor progressive increase in crack widths. 


Relations between restraint conditions and crack occurrence are well 
illustrated on the Illinois project. Fig. B shows variations in cracking inward 
from the free ends to pavement sections under full restraint at all seasons, 
based on the 10-year report.* The crack frequency in central parts is sub- 
stantially lower than the maximum which occurred 200 to 600 ft from the 
ends. The different sections expanded seasonally and progressively the 
full 4-in. available expansion space between the ends in about 5 years. Tension 
restraint stresses would therefore occur with but small decrease in temper- 
atures in the portions where crack frequency is greatest, while the central 
portions would remain under compression restraint for even lower temperature, 
reflected in greater crack spacings in central portions. Substantial crack 
widening and tension restraint stresses could occur only below compression 


*Lindsay, J. D., “A 10-year Report on the Illinois Continuously-Reinforced Pavement,” Bulletin No. 214 
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restraint temperatures. Because of crack infiltration and physical changes 
in the concrete, compression restraints may exist at progressively lower 


‘temperature with advancing age. 


A clear understanding of pavement restraints, and eventual economical 
design of continuous pavements, will come from careful study of movements, 
real crack widths, and steel stresses, considering the narrow cracks near 
unrestrained ends, those in intermediate sections restrained for’ daily but 
not seasonal movements, and those in central fully restrained sections, as 
interrelated but separate behaviors, but all within the scope of continuously 
reinforced pavements. Shrinkage and expansion phenomena, warping slopes 
and gradients cannot be disregarded in observations if we wish to explain 
adequately the behavior of continuous pavements. The great material 
costs involved cannot be justified on only superficial observations and 
deductions. 


SUBCOMMITTEE CLOSURE 


The authors appreciate the discussion by Mr. Friberg. In preparing its 
report the subcommittee, realizing that continuous reinforcement was a 
relatively new subject, purposely pointed out the areas in which knowledge 
was lacking and the conjectural nature of some of its reasoning so as to stimu- 
late discussion. There are a number of interesting aspects of the behavior 
of continuously reinforced pavements for which complete theoretical expla- 
nations are lacking. Until adequate research is completed, the explanations 
are merely reasonable hypotheses which agree generally with research results 
which are now available. 


Mr. Friberg has presented some interesting and worthwhile explanations 
for the observed behavior of continuously reinforced pavements which should 
be helpful in the further study of the subject. As he states, direct tension 
‘unquestionably is a principal cause of the development of transverse cracks. 
It is possible that the same cracking frequency would occur eventually if 
warping and load stresses were not present, but undoubtedly load and warping 
stresses are important factors contributing to crack development and it 
seems reasonable that they would increase the rate at which cracks occur. 


The importance of warping stresses is shown by some notable research 
by the U. S. Bureau of Public Roads.* Fig. 38, 39, and 40 of this report 
show that warping stresses may be of the order of 300 to 400 psi. This is 
also confirmed by Fig. 19 of the same report{ and by Fig. 151 of the final 
report on Road Test 1MD published by the Highway Research Board. 


Teller and Sutherland* (p. 194) state: “The stresses from this cause 
arge enough to cause failure in concrete of low flexural 


strength, and since the direction of stresses is such that they become added 


Part II,’’ Public Roads, 


*Teller, L. W., and Sutherland, E. C.,.“Structural Design of Concrete Pavements. 
Part III,” Public Roads, 


_v. 16, No. 9, Nov. 1935. , 
rab #Teller, L. Moe apa Sutherland, E. C., “Structural!Design of Concrete Pavements. 


_V. 16, No. 10, Dec. 1935. 
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to critical stresses caused by wheel loads, there is little doubt but that warp- 
ing stress is primarily responsible for much of the cracking in concrete 
pavements.” 

Mr. Friberg calls attention to the uniformity of accumulated crack width 
per hundred feet of slab found in the Illinois project and states that, “the 
data do not support suggestions in the report, that the reinforcing steel 
controls the amount of crack opening in addition to governing the crack 
interval.”” Regardless of the fact that the accumulated crack width is the 
same for the sections containing 0.3, 0.5, and 0.7 percent steel, it is never- 
theless true that the average crack width varies inversely with the amount 
of steel. The present condition as regards crack width, of the Illinois sections 
containing 0.3 percent steel, shows conclusively that a greater amount of 
steel is desirable for proper performance. 

Mr. Friberg by reference to data from the Indiana project concludes that 
crack frequency is closely related to section length and independent of the 
amount of steel. It should be remembered that in this project the amount 
of steel was by design related to the section length. Furthermore, in the 
Illinois projects where six of the eight sections were of equal length, there 
is a definite relationship between crack frequency and amount of steel. 

It is admitted that the definition for continuously reinforced pavement as 
stated in the subcommittee report is arbitrary, and Mr. Friberg is theoretic-: 
ally correct in his objection to assigning a minimum length to continuously 
reinforced pavement. But it would seem that from a practical point of 
view this is necessary, since the only real justification for such construction 
is that long stretches of pavement can be built without joints. If, as Mr. 
Friberg suggests, the design were applied to relatively short slab lengths, 
. jointing problems of serious proportions would be introduced. The expansion 
joints in the Illinois projects at 3500- and 4200-ft intervals have contributed 
to pavement distress and created serious maintenance problems. 

The present report of Subcommittee VII is clearly a preliminary evaluation 
of available knowledge on the subject, and it is hoped that it will provide 
a guide for future research and for the design and construction of other pro- 
jects. If it stimulates discussion such as that offered by Mr. Friberg it will 
have fulfilled a useful purpose and will contribute to the advancement of 


knowledge in the theory of continuous reinforcement and to improved design | 


and construction practices and techniques. 
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Disc. 55-43 


Discussion of a paper by James S. Blackman, Gerald M. Smith, and Lyle E. Young: 
Stress Distribution Affects Ultimate Tensile Strength” 


: By PER K. BREDSDORFF{ and P. KIERKEGAARD-HANSEN{ 


The authors have presented test results indicating that stress distribution 
z has an appreciable effect on the ultimate tensile strength of concrete mortar 
f specimens. 

Such effects may be predicted from statistical theories of the strength of 
materials. Readers interested in this subject are referred to a paper by 
Johnson® which contains extensive references to the literature and a rigorous 
mathematical development of these theories and their application to engi- 
neering problems. | 


4 The writers have investigated whether the pattern of the test results are 
5 in agreement with Johnson’s formulation of the statistical theory of the 
3 strength of perfectly brittle materials, i.e., materials with the property that 
3 total failure occurs instantaneously when, without previous plastic defor- 
ep. mations, fracture occurs at a single point. The conclusion of this investigation 
, 3 is that the test results exhibit a greater increase of ultimate tensile strength, 
- when the volume exposed to tension is reduced, than might be expected from 
y the statistical theory applied to the conditions of the tests. 

a It is possible that a modification of the statistical theory, more suitable to 
E the nature of concrete and its mechanism of failure, might result in better 
_ agreement. 

Zz The degree of nonhomogeneity of the material is the starting point of the 
‘ statistical theory. In the theoretical model this feature is accounted for by 


assuming that a specimen with unit volume, 1 x 1 x 1 in. is built up by a 
great number (71) of equally small elementary volumes, differing in ultimate 
tensile strength. (The ultimate strength of the elementary volumes in other 
directions than that of tension may safely be neglected in the case of concrete 
subjected to tension.) The n; elementary volumes are considered to be a 
random sample from an infinite number of such volumes, characterized by 
a distribution function, F(x). F(x) indicates the probability that an ele- 
mentary volume has ultimate tensile strength less than or equal to a specified 
value, x. F(x) is zero for negative values of x; from % = 0 the distribution 
function is a never decreasing continuous function of x. F(») = l. 

dings V. 55), p. 679. Disc. 55-43 is a part of copyrighted JOURNAL 
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If a beam of dimensions | x b x d is subjected to uniform tensile stress 
produced by axial loading, the probability of failure at an ultimate tensile 
strength less than or equal to x will be 


G(x) = 1 — [1 — F(z), 


where n, the number of elementary volumes, is equal to l1-b-d-ni. G(z) 
indicates the probability for the smallest value (weakest point) in a sample 
of n values to be less than or equal to z. 

If specimens of dimensions / x b x d are made according to the same speci- 
fications and subjected to uniform tension it is to be expected that the test 
results will be distributed according to G(z). 

Under certain conditions it may be demonstrated® that when n; and n are 


great numbers, G(x) tends to an exponential function which may conveniently 
_ be written in the form 


G(z) = 1 — 8; Ba alia (tay 
ny] Mm k 


where m, is the mean value of the ultimate tensile strength of specimens 
with unit volume, i.e., consisting of n; elementary volumes, and k is a constant 
depending of the form of F(z). : 
The mean value of ultimate tensile strength of specimens of volume lbd = 
n/n is 
1 


m= mM (=)! 
n 


and the coefficient of variation, ¢/m, is 


we lr (1 + 2/k) , 
m my rl + 1/k) 


It is a remarkable consequence of the theoretical assumptions that the coeffi- 
cient of variation is independent of n/n, the size of the volume. The implied 
relation between k and o/m is illustrated on the two abscissae-scales on Fig. A. 
It should be borne in mind, that the constancy of ¢/m for given k presupposes 
that the lowest possible value of x is zero. 

When the beam is subjected to the loading systems numbered b to f in the 
authors’ paper, the stress distribution in the beam is not constant and this 
fact must be accounted for in the calculations leading to the probability 
distributions of the tensile strength according to the “weakest point’’ theory.*6 

The tensile stress, ty», in every point of the u-v plane for beams with rec- 
tangular cross section, see Fig. B, may be expressed in the form 


Luv = ch(u,v) 
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where h(u,v) is a function which takes on the value 0 at the neutral axis and 
the value 1 at the extreme tension fibers in the region of constant moment. 


Besides, h(u,v) = 0 in all compressive fibers. The distance from the neutral 


axis to the extreme tension fiber is d’ in the region of constant moment. 
The exponent B in the distribution function for the ultimate tensile strength, 
measured by 2, is then obtained as b times the double integral of the function 


ie - (: A +\f 
my k 


evaluated over that part of the area in the u-v plane, which is subjected to 


tension. 
By carrying out these integrations for the six loading systems considered 


by the authors you get the following results: 


Loading The exponent, B, in the expression, G(x) = 1 — @, for the distribution 


system function of the ultimate tensile strength. 
x Kk 
a Ba= — lbd Py 1/8) | 
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From the distribution functions, the corresponding mean values are evaluated 
as indicated below (suffix letters indicate loading system) 


east" kN es eee 
'V Ib {d’ — (a’ — d)t+1/(a’*} 


= j/ Meteor ever 
Me = Mm Cees” er 


m wey fot: ty . 
. 'V ibd’ (1 + k/3) 


* /((2/my) (1 +1/k)}* 
gc) PAR AS Ne aes 


mM. = 


For the specimens tested by the authors the relevant values of the dimen- 


Fig. A—ma/ma as function of k and the 
coefficient of variation, ¢/m. 
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on the assumption that l, = 6, lh = 9 
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Fig. B—Coordinate systems, 

(u,v), for stress distributions 

corresponding to the authors’ 
loading systems, a-f. 


LEGEND :----—— neutral axis 


4 It will be seen that when k is known the theory implies definite relationships 
“a between the curves for the mean values, considered as functions of d’. 
: To test the theory we have to estimate / from the observations reported 
by the authors. Fig. A is drawn to illustrate the implications of such an 
estimate. We have estimated k = 8 which implies o/m = 0.148 and ma/ma 
= 1.58. The test results indicate that the coefficient of variation is slightly 
less than 0.148 but it may be considered as an admissible value. 

In the interpretation of the test results we have assumed that ultimate 
tensile strength is proportional to ultimate tensile strain, the proportionality 


Fig. C—Effect of strain dis- 

tribution on the ultimate tensile 

strain. (Test results reported 

‘by the authors converted to 

the scale 1/d’ as a measure 
of strain distribution) 


ULTIMATE TENSILE STRAIN, MICROINCHES PER INCH 
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factor being the same for all specimens. The test results reported in Fig. 4 
are indicated in Fig. C with 1/d’ as the abscissa. 

The curves on Fig. C indicate the theoretical mean values for the loading 
systems b, c, d, e, and f, on the assumption that k = 8 and, m, = 130. 

It will be seen that the observed increase in ultimate tensile strain with 
reduction in the volume exposed to tension is greater than predicted by the 
theoretical relations. 

If m, is given an estimated value above 130 the curves for d,e, and f will 
fit the observations slightly better, but at the same time the curves for b and 
c will give a worse fit. 

Even if the agreement between theory and observation is imperfect the 
theoretical considerations may, in the writers’ opinion, be some of value in 
drawing attention to the degree of homogeneity of the specimens—measured 
by the coefficient of variation—as a possible important factor in the relation 
between strain distribution and ultimate tensile strain. As the coefficient 
of variation is a characteristic of the test conditions this possible influence 
should be borne in mind before generalizations from the observed relationship 
are drawn. 


REFERENCES 
5. Johnson, Arne, “Strength, Safety and Economical Dimensions of Structures,” Stock- 
holm, 1953. 


6. Weibull, W., “The Phenomenon of Rupture in Solids,” Proceedings, No. 153, The 
Royal Swedish Institute for Engineering Research, Stockholm, 1939. 
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Disc. 55-45 


Discussion of a paper by E. M. Rensaa: 


= 


Shear, Diagonal Tension, and Anchorage in Beams™ 


By JAMES CHINN, BRUCE H. FALCONER, HANS GESUND, K. HAJNAL-KONYI, 
MAX HERZOG, A. M. NEVILLE, R. B. L. SMITH, and AUTHOR 


By JAMES CHINN{ 


Mr. Rensaa has compiled the results of much research both European and 
American, of his own experience and analyses of structures, in a thought- 
provoking article for which he is to be highly commended. The writer wishes 
to add some of his own experiences in support of several of the points brought 
up by Mr. Rensaa. 

The writer is in full agreement with the author, that laboratory investi- 
gations do not reflect the effect of shrinkage. Mr. Rensaa presents a calculation 
indicating that shrinkage can cause a compressive stress of 7533 psi in rein- 
forcing steel. Rouse,”* in tests performed at the University of Colorado, 
installed reinforcement gages in longitudinal reinforcing, vertical stirrups, 
and bent-up bars in beams. Initial or zero readings of these gages were 
taken immediately before the beams were cast. The stresses in steel in 
unloaded beams caused by shrinkage were determined over a long period. 
For practically all strain meters, it was found that the stress in steel increased 
to a value of approximately 8000 psi compression at 28 days after casting. 
(Beams were moist-cured for 8 days then allowed to sit with no covering in 
laboratory air thereafter.) It was also found that vertical stirrups did not 
take load until they were crossed by a diagonal crack. 

The writer has witnessed an instance where a girder framed to a continuous 
column, as in Fig. A, received its load for a part of its length from pan joists 
framing to one side only. For a short length adjacent to the column there 
were no pan joists and the girder was a rectangular beam rather than a T- 
beam. For design purposes the girder was assumed essentially, to be simply 
supported at the column, so half the bottom steel, three #10 bars, were bent 
up at one-seventh the clear span. The additional three #10 bottom bars 
were carried into the column, and #3 stirrups were provided for shear. Due to 


a combination of shear, axial tension due to shrinkage, and torsion due to load 


from one side only, a diagonal crack formed as shown under dead load alone. 
The crack appears to run the full depth of the girder. This girder complies | 
in every way with the requirements of the ACI Code, and the writer believes 
that it is structurally adequate. This would appear to be essentially the 

* , V. 30, No. 6, Dec. 1958 (Proceedings V. 55), p. 695. Disc. 55-45 is a part of copyrighted JourNAL 
OF noe feel Coxcaarn Institute, V. 30, No. 12, June 1959 (Proceedings V..55). 
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\ Fig. A—Diagonal crack formed by shear, 
tension, and torsional stresses 


Pan joists frame to 


Note: Column and joist reinf. 
not shown. 


same condition as at a point of contraflexure, and even the bent-up bars, 
vertical stirrups, and longitudinal steel were not effective in preventing for- 
mation of a diagonal crack. There were four locations in this building where 
this same structural condition existed and the diagonal crack formed at all 
four. At the opposite ends of these same four girders, the pan joists extended 
to the columns so the girders were flanged on one side. No diagonal cracks 
formed at these locations although subjected to greater shear. 

In all tests known to the writer where stirrups or diagonal bars were used: 
as web reinforcing, the web reinforcing was ineffective in preventing diagonal 
cracking even though effective in increasing ultimate shear capacity. Tests 
now being performed by the writer indicate that this is also true of longitudinal 
bars placed at the middepth. 


It is hoped that researchers will give serious thought to Mr. Rensaa’s 
paper and bear it in mind in planning future tests. 
REFERENCE 
23. Rouse, George C., ‘‘A Method for Determining Stresses in Concrete Reinforcement 


During Long-Time Tests,”’ Technical Memorandum 655, U. 8. Department of the Interior, 
Bureau of Reclamation; Sept. 1958, 82 pp. 


By BRUCE H. FALCONER* 


The discusser is in full agreement about the importance of the following 


oft-neglected points; 


(a) Both compressive and tensile strengths of concrete should be strictly considered. 

(b) Allowance should be made for possible longitudinal forces. 

(¢) Concentrated load from a support may reduce principal tensions locally to a sig- 
nificant extent. 

(d) Bent-up bars and inclined stirrups are, in general, more efficient than vertical 
stirrups; particularly at points of contraflexure. 


(e) It is useful, in the deeper beams at least, to include some intermediate longitud- 
inal reinforcement. 


*Member American Concrete Institute, Consulting Engineer, Wellington, New Zealand. 
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(£) Some minimum number of stirrups in all beams of ordinary size and importance 
is advantageous. 

(g) Caution should be used so as not to cut bars too short when stopping them off 
according to the flexural moment. 


However he wishes to dispute the contention that at points of contraflexure 
web reinforcement, when required, should necessarily be adequate to carry all 
the shear according to conventional theory of stresses in stirrups. 

Interest in this particular aspect is heightened by the thought that in seismic 
regions (the New Zealand code, for instance, requires 6, 8, or 10 percent of 
gravity base shear resistance in buildings) there are circumstances in which 
points of contraflexure may move anywhere in the length of a member. 

The divergence of opinion hinges on the discusser’s belief that for attain- 
ment of a given shear resistance in a given member both the primary (longi- 
tudinal) and secondary (web) reinforcement must be adequate, but the rela- 
tive proportions may be safely varied within limits. This belief involves the 
contention that in reinforced concrete the reinforcement need not be provided 
purely to react the principal stresses of the applied stress field (i.e., the principal 
tensions that would exist in the concrete if unreinforced, uncracked, and 
homogeneous). Indeed the presence of reinforcement, and the stresses in and 
on it, must, in the general case, radically alter the stress system in the con- 
crete; yet the resultant of the two induced component stress systems, the 
one in the reinforcement and the other in the concrete, must remain equiva- 
lent to the applied stress field. 

The simplest qualitative illustration of this fact may be had by considering 
the various patterns of reinforcement suitable for strengthening a wall panel 
which is subject to a uniform shear traction around its boundaries inducing 


shear. 

1. Should the reinforcement be provided solely in the direction of the principal 
tension of the applied field the concrete would be required to carry only the pure com- 
' pression in the direction of the compressive principal stress of the applied stress field. 
2. Should the same reinforcement be provided but in a direction making a slight 
angle with that of “principal tension” then the concrete is required to carry com- 
pression of about the same magnitude as the “principal compression’ but in a slightly 

altered direction, plus a slight tension. 
3. Should the theoretician elect to proclaim that concrete “can carry no tension” 
(he must still recognize the essential dependence of bond and concrete cover on tensile 
ability) then a small quantity of reinforcement must be added in a second direction, 
for Case (2), so that the concrete is again required to carry only pure compression 
(though it will suffer stress less tensile extensions in another direction). Once again the 


compression in the concrete would be altered slightly in both magnitude and direction. 


The discusser considered such a problem’ and showed, to his own satis- 
faction at least, that the quantities of reinforcement, in any two arbitrary 
directions, required to provide ultimate resistance can be computed. As a 
particular case it was shown that 


4. Should the reinforcement be placed in two orthogonal directions at 45 deg to the 
principal tension then, (a) if the quantities of reinforcement were equal each carried 
forces of magnitude equivalent to the applied shear stress, and the concrete was required 
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to sustain a compression of twice the principal compression, in the direction of prin- 
cipal compression, but (b) if the quantities of reinforcement were unequal then the 
compression in the concrete would be greater than twice the principal compression and 
at an angle with it. 


Quantitatively, it was shown in the case of 4(b) that 


Voz0, =v, and ay > Fe are) 


The closer oz is to o, the greater is the economy in weight of reinforcement, 
and the greater the attainable shear strength before crushing of the concrete. 


For general design of shear walls the discusser is content to provide ratios 
of reinforcement area to concrete area given by, _ 


ao 


V2he <P < V25, and Vp: 1g aes ~ (2) 


foci 


where 
applied shear stress 


oz = equivalent stress of primary reinforcement 
oy = equivalent stress of secondary reinforcement 
f.’ = crushing strength of concrete 

Pz = ratio of area of primary reinforcement 

Py = ratio of area of secondary reinforcement 

f. = yield strength of reinforcement 


The proportions are selected for limiting strength. 


The extension of this argument to beams was given in an appendix to 
Reference 24, where it was shown that for beams with vertical web reinforce- 
ment “tension flange” reinforcement should be provided to carry a force of 


where B< obey ei 1 
oy? Gy 


applied moment at section considered 
applied shear at section considered 
effective lever arm of section 

breadth of member 


S 
a 
ound 


ss 
Vere 
, es 


~~ We 4 
° 


~ 


PeeEeN ee TANG ST Pe ey 


x 


RT ET ee 
1 b \ ‘ 


CT EEN ET ae Nery 


‘Such a system of loa 


SHEAR, DIAGONAL TENSION, AND ANCHORAGE 1431 


Should the design be in terms of normal working stresses, rather than 
limiting stresses, then the appropriate minimum web reinforcement should 


be computed using 6 from 


a 


igs 4 
ma B 


Should 8 be taken greater than 1 (V2 is suggested for higher loadings) greater 
attention than usual should be paid to the quality and anchorage of longi- 
tudinal reinforcement, and to the distribution and anchorage of web rein- 
forcement. 

For inclusion of formulas in codes, where equations should be simple, the 
discusser would compromise somewhat. He suggests the following. 


“Tn beams having vertical web reinforcement longitudinal reinforcement shall be adequate 
to carry flange tensions of 


Maree 
Rives ele ae a okie ke Ao ee Sal ep oats 3 
jd ae (3a) 
and web reinforcement shall be adequate to carry forces equivalent to a stress of 
y2 
realy rsa a een wie aie Sie rere cs oe 4a, 
re: 0.10 f s) 
¥; De 3 ; 
where v = bid < 0.11 f,’. The minimum ratio of web reinforcement shall be 
Vs y 
is ee le See, tea En oneateh ane BL (5) 


ESE FLO fyte 


f, = tensile unit stress in web reinforcement 


Where beam ends are supported by beams of similar depth the minimum value of vs 
within a distance of d from the junction shall not be less than v/¥ 2.” 


A comparison of the minimum stirrup reinforcement required by Eq. 
(4a) with that for the current ACI, British (BSCP), and New Zealand (NZSS) 
codes is shown in Fig. B for f.’ of 3000 psi. 

It is obvious that any theory is limited by the aptness and validity of the 
initial assumptions. Because boundary effects of stirrup anchorages and 
stirrup spacings and covers to reinforcement are ignored, it is not surprising 
that tests indicate that at the higher shears the full theoretical strengths | 
are not attained. This fact influences the choice of 0.10 as a parameter in the 
arbitrarily amended Kq. (4a). For f.’ over 3000 psi the parameter could 


_ perhaps well be taken as 0.10 [1 — % (fe. — 3000) /f:’]. 


The discusser would like to reiterate the suggestion given earlier that it | 
would be of great interest if a series of test beams be loaded as in Fig. C. 
ding would obviate the presence’of local arching within 
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Fig. B—Minimum stirrup rein- 

forcement required by ACI, 

British, and New Zealand 
codes 


Graphs For Fl= 3000 
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Fig. C—Advocated test load system for 
applying shear to obviate local arching 
within test length 


the test length, due to vertical compression from forces applied at upper and 
lower surfaces of a test length. It could well throw new light on the problem 
of shear at points of contraflexure. 


REFERENCE 


24. Falconer, Bruce H., “Theory of the Stresses Induced in Reinforced Concrete by 


Applied Two-Dimensional Stress,’ ACI Journau. V. 28, No. 3, Sept. 1956 (Proceedings 


V. 53), pp. 277-293. 
By HANS GESUND* 


Much gratitude is due Mr. Rensaa for his clear and comprehensive review 
of the basic problem and past history of shear and diagonal tension in rein- 
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forced concrete members. The writer was particularly struck by Mr. Rensaa’s ° 


presentation of the problem in continuous members, since, after all, most 
reinforced concrete members are to some extent continuous. The writer 


*Member American Concrete Institute, Associate Professor of Structural Engineering, University of Kentucky, 
Lexington, Ky. 
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believes, however, that a few minor points may still be added to the author’s 
presentation. 

First is the problem of the participation of the concrete in carrying the 
shear. It seems anomalous to expect the concrete to take diagonal tension 
in shear, when it is assumed that it cannot take tension in bending. There 
is the usual justification that the diagonal tensile stresses are much lower 
than the bending stresses, but on the other hand, the concrete must crack 
long before the shear reinforcement can reach its design stress. As Mr. Rensaa 
has pointed out, if the point on the beam in. question is a point of zero bending 


~moment, there will be no compressive stress block, and hence, if the stirrups 


are stressed to their design stress, they must carry the entire shear. However, 


it should be noted that the presence of bending, and hence of a compressive 


stress block, does not materially alter the situation. A combination of com- 
pressive stress in one direction, zero stress in the direction perpendicular to 
the compressive stress, plus shearing stress, will result in a principal tensile 
stress. ‘This stress will be lower than for the case of pure shear, and any 
crack that may form in that region will be more inclined toward the hori- 
zontal, nevertheless, the tensile stress still exists and is more safely carried 
by steel than by concrete. For this reason, the writer believes that the shear 
reinforcement should be so proportioned as to be able to carry the full shearing 
force. 

This leads directly to the next point, the method of proportioning the rein- 
forcement and the relative efficiency of vertical and inclined stirrups. The 
writer has found the inverted keystone concept to be a valuable visual aid 
in examining the effects of shear in concrete beams. Fig. D represents a 
portion of a continuous beam with all loads acting on it represented by P. 
Assuming, for now, that the critical sections are at the inflection points, 
failure would occur when the diagonal tensile cracks formed, the strirups 
failed, and the inverted keystone dropped out of the structure. Assuming 
further that the diagonal tension crack would be inclined at an angle 0 to the 
horizontal consistent with the direction of the principal tensile stress, and 
also assuming that the jd depth of the beam is the effective length of the 
shear reinforcement, the condition of vertical equilibrium would require that 
Avf jd/s = V tan © where the symbols have the same meaning as in (ACI 


Stirrups 


raat ) 
ja tan Oo 


Fig. D—Cracks formed at inflection points 
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load 


Fig. E—Cracks due to combined bending and shear 


318-56 Section 800. When 6 = 45 deg this is similar to Eq. (3), Section 803 
of ACI 318-56 except that V, the total shear, is substituted for V’. 

For inclined stirrups or bent-up bars, Fig. D leads to similar equations. 
For a single inclined bar or a group of inclined bars all lying in the same 
transverse plane, vertical equilibrium requires that A,f, = v/sin a. For several 
inclined bars or groups of bars, A,f, jd/s = V sin @/(sin © cos a + cos @ sin a). 
When 0 = 45 deg these equations also, are similar to those of the ACI Code, 
with the total shear, V, substituted for V’. 


From these equations, it would appear that, far from being more efficient 
than vertical stirrups, inclined shear reinforcement is actually less efficient. 
The reasons are that s is defined as the horizontal distance between bars, 
while the actual spacing becomes s sin a, and that the length of the bars 
required increases to d/sin a. Thus more steel is required to do the same 
job than when vertical stirrups are used. This is natural, since inclined bars 
cannot resist a vertical force as well as vertical bars can. 


_ Fig. E shows possible modes of shear failure in the beam at points other 
than the inflection points. In each case, the crack must curve toward the 
horizontal in the compression zone. For the inverted keystone to drop out, 
either the crack must reach the compression face, which it cannot do in the 
region of compressive stress or else a crushing of the concrete in the direction 
of the principal compressive stress must take place. As long as sufficient 
stirrups are available to support the inverted keystone, the fact that a crack 
may have spread through the entire depth of the beam will not be critical. 
It must remain a hairline crack if the steel does not yield and bond is main- 
tained. In the case where compression failure threatens, the fact that the 
shear reinforcement is supporting the keystone, will permit the concrete to 
adjust inelastically, so that the shearing stress, and hence the principal com- 
pressive stress is reduced. Furthermore, under current ACI Code restrictions 
on the percentage of steel or the f, permitted, it is difficult to imagine the 
concrete becoming overstressed in compression even with the shear added. 


- Fig. F—Three ways in which load is trans- 
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To obtain some idea of the shear reinforcement necessary for the conditions 
of Fig. E, it is probably adequate to compute the reinforcement on the basis 
of an imaginary crack tangent to the curved cracks near the neutral axis. 
The location of the neutral axis to be chosen should probably be that at 
which the main reinforcement would just yield. In cases where the axial 
forces may be assumed to be small, a © of 45 deg would probably be adequate. 

The necessary extension of the cracks in a more horizontal direction before 
failure can occur, seems to answer the problem raised by Mr. Rensaa in Fig. 
3, where he stopped the cracks at the neutral axis and found that some of 
them were not crossed by stirrups. Furthermore, to obtain a compression 
failure of the type indicated in that figure, the beam would have to contain 


far more tension reinforcement than is permitted in the ACI Code. 


It may seem that in this discussion the writer has been unduly pessimistic 
about the ability of the concrete to withstand some of the shear. However, 
it must be remembered that a few additional stirrups compared to the cost 
of a structure are cheap insurance against a type of failure that has been all 
too common in the recent past. 


By K. HAJNAL-KONYI* 


The paper is an excellent survey of our present knowledge on the con- 
troversial subject of shear, and its emphasis on “not to skimp on web rein- 
forcement,” thus approaching European practice more than the American, 
is sound. The principle that a beam, when loaded to its ultimate capacity, 
should not fail in shear, bond, or anchorage should form the basis of any 
future code. 

The following two notes are intended to be complementary rather than 
controversial to the paper. 

_ (1) It seems necessary to draw attention to the fact that the way the load 


is applied to a beam is relevant to the local distribution of stresses and to 


the capacity of the beam transmitting shear. Fig. F illustrates this point. 
In laboratory tests the load is generally applied as indicated in (a). In actual 
practice the most common case is (b) but cases like (c) do also occur. With- 


*Member American Concrete Institute, Consulting Engineer, London, England. 


mitted to a beam. (a) Laboratory test 
load arrangement. (b) Most common 
loading found in practice. (c) An alter- 
nate arrangement sometimes found in 

practice 
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out going into details it is obvious 
that case (c) is more unfavorable than 
(a) on which our knowledge and codes 

SX are mainly based. It would be desire- 
able to carry out comparative tests to 
determine the reduction of ultimate 
load in shear by moving the position 
of the load from that shown in (a) to 
that shown in (c).* 


Theoretical investigations of this 
problem on beams with great depth- 
span ratios are known for the non- 
cracked stage but not for beams of 
normal depth-span ratios at ultimate 
loads. 


Fig. G—Arrangement of web reinforce- 
ment in test beams used by the writer 


(2) The author says that ‘‘safe anchorage of the smooth stirrup bars in 
the compression zone was also a problem, although as a rule a lesser one.’’ 


The writer tested two series of T-beams a few years ago, each consisted 
of four beams, one series was reinforced with mild steel and the other an 
equivalent amount of Tentor steel.2> In the first beam of both series the 
links were arranged as shown in Fig. G. While in the beam with mild steel 
the nominal yield stress of the reinforcement was reached at failure, the mode 
of failure (Fig. H) clearly indicated the weakness of the beam in shear. Within 
the shear span the web was separated from the flange by a horizontal crack 
which appeared before failure occurred. The ultimate load of the beam with 
Tentor steel that was not hooked was only 68 percent of the theoretical load. 
The appearance of this beam after failure (Fig. I) was similar to that of the 
beam with mild steel except for the bursting effect of the hooks. The crack in 


*An indication of the reduction of the load bearing capacity of a beam in shear by moving the load downward 
may be seen from the tests by Ferguson, “Some Implications of Diagonal Tension Tests,” ACI JourNnau, V. 
28, No. 2, Aug. 1956 (Proceedings V. 53), pp. 157-172. 


Fig. H—Beam of type shown 
in Fig. G, reinforced with 
mild steel, after failure 
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Fig. I—Beam of type shown 
in Fig. G, reinforced with 
Tentor steel, after failure 


4 

4 

the flange over the support, clearly visible on the photograph, is indicative 
q | of a stress distribution as found by Watstein and Mathey.”° 

V7 In the remaining three beams of both series the shape of the stirrups was 
Z changed, as shown in Fig. J, without increasing the total quantity of web 
"reinforcement. Each of these beams failed in flexure by extensive elongation 
a of the tensile reinforcement followed by crushing of the flange without any 
a sign of weakness in shear. 


The explanation seems to be the inadequate anchorage of the stirrups in 
the compression zone according to Fig. G although it complies with the re- 
quirements of the British Code of Practice CP 114 (1957) Clause 310g, which 


says: | 


~~. 
\ 
\ 


Stirrups in beams and transverse ties in columns 

Notwithstanding any of the provisions of this Code, in the case of stirrups and 
transverse ties, complete bond length and anchorage may be deemed to have been 
provided when the bar is bent through an angle of at least 90 deg round a bar of at 
least its own diameter; and the stirrup or tie is continued beyond the end of the curve 
for a length of at least eight diameters or, alternatively, through an angle of 180 deg 
with the stirrup or tie continued beyond the end of the curve for a length of at least 


four bar diameters. 
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Fig. J—Alternated arrangement of web 
reinforcement in beams of tests conducted 
by writer” 
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5" The requirements of this clause if applied to 
a cantilever slab would result in an arrangement 
shown in Fig. K and would obviously not be 
acceptable. Indeed, one cannot expect that the 
anchorage shown in Fig. K would enable the 
bar to develop its yield strength and there is no 
justification for allowing such an arrangement 
in stirrups in contrast to the requirements for 
anchorage of tensile reinforcement used other- 
wise. In this respect conditions in a T-beam 
are more severe than in a rectangular beam since 
the depth of the neutral axis smaller. 


The writer should like to endorse particularly 
the author’s comments on the web reinforcement 
Fa RaeCantlave: slab tein of T-beams and on the need for stirrups to 
forced -according to British counteract the splitting effect of deformed bars 
Code of Practice for stirrups at laps and bar endings. 
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By MAX HERZOG* 


The author is to be congratulated on his theoretical—not to be confounded 
with a mathematical—investigation of the problems mentioned in the title 
of his paper. The performance, and evaluation of the results of several hun- 
dred tests in the past has shown that no generally valid explanation of the 
phenomena in question can be expected from a purely empirical approach. 
Assisting the author’s intentions I should like to stress shortly some points 
which seem to be clear beyond discussion, and to put forward a new hypothesis’ 
of the action of a reinforced concrete beam. 


No objections will be raised to the statement that a reinforced concrete 
beam behaves elastically until the first crack forms. In this uncracked state 
the behavior of such a beam can be predicted with the help of the theory of 
elasticity. The trajectories of the principal stresses show with all necessary 
clearness where tension and compression are to be expected in the beam. As 
cracks form only when the tensile stresses surpass the tensile strength of 

*Member American Concrete Institute, Civil Engineer, Zofingen, Switzerland. 
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- concrete, we can fairly well predict where, and under which loads cracks will 


appear. According to the tests of Carneiro and Barcellos”’ with standard 
cylinders under static short-time load, the tensile strength of concrete can 
be expressed in terms of the compressive strength: 


fr = % (fe)4, kg per sq em 
The well-known formula for shear stress in reinforced concrete beams of 


rectangular cross section, 


ae 
jd 


T= 


So 


can be found in the building codes of all countries and is, with the exception 
of a minor modification, identical with a formula for the theory of elasticity 
for the principal stresses in the height of the neutral axis of an ideally elastic 
beam. In the early days of reinforced concrete, 7 = 24 as required by the 
theory of elasticity was substituted by the numerical value for j used in the 
section analysis, 7 = 1% approximately. With the help of this formula we 
can, even today, obtain conclusive data on the occurrence of cracks in rein- 
forced concrete beams, on the condition that we apply it to those beam sec- 
tions only where its application is theoretically justified: the points of con- 
traflexure, and simply supported beam ends. There only, the principal tensile 
stresses in the height of the neutral axis of the beam really are the largest 
tensile stresses of the entire beam section. In addition, proper credit must 
be given to direct tension or compression in the longitudinal direction of the 
beam, as already pointed out in the author’s paper. The appearance of 
cracks in all other beam sections is governed by bending stresses. 

A crack always runs at right angle to the trajectories of the principal ten- 
sile stresses, thus forming itself a trajectory of a principal compressive stress. 
Once a crack has formed, equilibrium of the cracked section can only be assured 
by suitable reinforcement crossing that section. Generally, three equations 
of equilibrium can be established for a cracked section of a reinforced concrete 
beam (Fig. L): 

Moments about O: 


Ma-— Tie — Dup — Sts = 0 «1.0 e errr e eens (6) 
Shear forces in a: 
3 Pt ronla CRD Linea 8. Osc0 Ler age ar (7) 
Direct forces in @: 
Nc=— T, + C. +-C. cos 6.— D.cog a = 0 bike Rite Stators (8) 


As can be seen in Fig. L and in Eq. (7), the equilibrium of shear forces is 
essentially influenced by the angle B, between the compressive force and the 


ps horizontal. 
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Fig. L—External and internal 

forces acting on the cracked 

section of a reinforced con- 
crete beam 


To get a better insight into the carrying mechanism of a reinforced con- 
crete beam, we shall now consider two limit cases for a simply supported 
beam under uniformly distributed load. But just as in other theoretical 
speculations, here, we also cannot do without idealizing assumptions. Fig. 
M shows the first thought-model: a beam, the idealized, elastic carrying 
mechanism of which is represented by the two resultant trajectories of the 
principal tensile and compressive stresses. The tensile force diagram for the 


Fig. M—tdealized, elastic 
beam 
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Fig. N—Bow-string arch 
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curved longitudinal reinforcement, substituting the resultant trajectory of the 
principal tensile stresses, has the maximum value in the center of the span, 
and shows a reduction of the tensile force towards the support. The qualities 
of this idealized, elastic beam substantially depend on ideal bond character- 
istics. Fig. N shows the second thought-model: a beam, the idealized car- 
rying mechanism of which is represented by a bow-string arch. The tensile 
force in the straight longitudinal reinforcement of this beam is constant over 
its whole span. No bond at all is required in the range between the supports, 
whereas ideal anchorage is assumed in the support regions of this beam. Com- 
paring the two beams, we note one more essential difference. The compres- 
sion center line of the first beam is almost elliptical, that of the second beam 
is a second degree parabola. 

As ever, reality lies between the idealized extremes. Walther?’ has proved 
by experiments that full bond (i.e., no slip between reinforcement and sur- 
rounding concrete) cannot even be reached with bars with deformations, 
whereas the assumption “no bond at 
all” requires polished bars. Thus, the 
tensile force diagram and the com- 
pression center line of a reinforced 
concrete beam will lie somewhere 
between the first (Fig. M) and the 
second limit case (Fig. N); for beams 
with deformed bars it will be nearer to 
Case 1, for beams with plain bars it 
will be nearer to Case 2. 

Considering again a cracked rein- 
forced concrete beam (Fig. O), we 
have to bear in mind two facts. First, 
cracks are trajectories of principal R 
compressive stresses; in a simply sup- 


Fig. O—Portion of a cracked beam 


we 
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buted load their form is almost elliptical. Second, the compression center line 
of the actual beam will be intermediate in form between an ellipse and a para- 
~ bola, as a consequence of the actual bond characteristics. Thus, concrete 
of the remaining part of the beam separated by the crack is acted on by a 
compressive force with the eccentricity e (Fig. O), producing tension on the 
top of the beam. This tension produces, in return, one or more cracks, and 
unless the compression center line lies inside the remaining concrete knee, 
collapse will follow. When the compression center line lies outside the re- 
maining concrete knee, collapse can be prevented by additional reinforce- 
ment. We can either reinforce the remaining part of concrete as a knee 
frame, or, more effectively, arrange stirrups and/or diagonal bars. Taking 
into account the kinematic situation, it is quite obvious that diagonal bars 
are more effective than vertical stirrups. 


The writer hopes, that this hypothesis of the carrying mechanism of a rein- 
forced concrete beam might prove useful for the explanation of the carrying 
capacities of actual beams. 
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By A. M. NEVILLE* 


Mr. Rensaa’s paper is valuable and stimulating for he tries to investigate 
the fundamentals of the problem of shear, and thus provoke us to think afresh. 


The author is undoubtedly right in pointing out that the use of the nominal 
shearing stress as a basis of design is not correct. A constant working stress 
in shear has been found to result in a factor of safety varying from just over 
1 to well over 10. The reason for this is that, once the diagonal tension crack 
has opened, the conception of the nominal shearing stress becomes mean- 
ingless, and the strength of the beam depends on the resistance of the section 
modified by the crack, to the compressive and tensile forces. This has been 


taken into account in the shear-compression formulas of Laupa, Siess, and 


Newmark,’ and failure in the tension zone has been observed in numerous 
beams tested by the writer at the University of Manchester. No numerical 
data are given since they are presented in a paper just written by the writer 
and J. Taub. 


' The writer’s tests have also shown that the provision of a flange in T-beams 
results in a modification of shear behavior as compared with rectangular 
beams. The presence of a flange precludes a shear-compression failure be- 
cause the compression block, even when reduced in depth by the diagonal 
. *erorysy American Concrete Institute, Lecturer in Engineering, University of Manchester, Manchester, 
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tension crack, is large enough to prevent crushing. Failure can therefore 
occur either by the yield of the tension steel due to flexure or by the disruption 


‘of the tension zone between the bottom of the diagonal tension crack and 


the support. The exact manner of this failure depends on the type, layout, 
and anchorage of the reinforcement. 


A comparison of rectangular and T-beams of the same width (i.e., with a 
web width of the T-beam equal to the width of the rectangular beam) and 
with the same reinforcement, has shown that T-beams can take a load of up 
to about 60 percent greater than rectangular beams, both types of beams 
failing in shear. This increase in the load-carrying capacity depends on the 
a/d ratio. It seems then that Mr. Rensaa is not justified in his criticism of 
the ACI Code regulations concerning the shear reinforcement in T-beams. 


The author is right in drawing our attention to the details of the dowel 
action but perhaps rash in disregarding its contribution to shear resistance. 
However, the contribution of the various elements—main steel, stirrups, and 
concrete—is of little interest. It is essential that the widening of the diagonal 
tension crack and the splitting of the beam be prevented and the integrity 
of the beam be preserved. Thus the author correctly says that “stirrups 
will perform the useful additional function of reinforcing a beam transversely 
against splitting,” although the writer doubts whether this splitting is due to 
bond stresses rather than to the effects of shear. 


Likewise, the author’s observations on the distribution of stresses in the 
tension steel are of interest, but here again, not bond, but excessive diagonal 
tension cracking is believed to be the primary cause of failure. 


The paper is an interesting study and it is hoped that it may lead to some 
more detailed design recommendations. 


By R. B. L. SMITH* 


The introduction and aims of Mr. Rensaa’s paper are admirable but un- 
fortunately the development does little to advance the study of shear in 
reinforced concrete beams and cannot be said to have caught up with recent 
research. In spite of his plea for a re-examination of fundamental ideas, he 
does not ask the questions: (a) does shear directly cause the failures of rein- 
forced concrete beams? (b) how do its effects contribute towards such failures? 


The answers to these questions are now largely known, and they reveal 
that many of the problems Mr. Rensaa tries to solve in vain, as many others 
have done over the past 50 or so years, do not exist. For example: The 
first line of the last paragraph on p. 701—it is more than “‘not easy’’ to deter- 
mine the actual distribution of shear load between concrete and web rein- 
forcement. It is impossible, since the problem is itself invalid. In the same 
way it is futile to ask on p. 698, ‘‘which contention is right, the European or 
the North American?” when the answer is, neither. 

y, Manchester, England. 
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Another example of an outworn question, which has been fruitlessly asked 
many times, is implied in the top paragraph on p. 700. Web reinforcement 
does not ‘carry shear,’’ it reinforces a beam to resist the effects and restrict 
the development of diagonal cracking. 


It is surprising that he can on the same page refer to the work of Laupa, 
Siess, and Newmark,’ accusing them of trying to work out a formula for the 
ultimate shear strength of beams. The chief point of their paper referred to 
by Mr. Rensaa, which is a landmark in the research on this subject, is that 
shear must be considered in terms of its effect on the resistance moment of 
a beam. Furthermore, if beams tested in laboratories are not to be accepted 
as evidence, where are we to base our theories? We can hardly hope for 
sufficient failures of actual structures under sufficiently well-controlled con- 
ditions to advance the subject. It is easy to criticize the limitations of labor- 
atory experiments, but the knowledge thus gained affords a series of small 
steps away from the present day attitude of ignorance. 


Considering the stress trajectories shown in Fig. 1, Mr. Rensaa says: 
“The average slope of a stress trajectory is steeper than 45 deg when near 
the support and becomes almost vertical near the center of a beam.” Perhaps 
there is some error here. On p. 703 he goes on to ask, “If the crack is so steep 
that stirrups will not necessarily cross it, of how much value are the stirrups?’’.” 
The answer is that if the cracks are vertical due to horizontal stress trajec- 
tories of Fig. 1, they are flexural cracks and stirrups are not required. On 
the other hand, if they occur in beams with concentrated loads close to the 
supports, they are probably not tension cracks at all, but proper shear cracks. 
In which case stirrups will only serve the purpose of holding the reinforce- 
ment together. It may be added that this type of failure is only possible 
when concentrated loads are within a distance from the support less than the 
beam depth, that anchorage failure is likely to precede it, and if the shear 


Span is any greater, ‘“shear-compression” (moment) failure will intervene to 
preclude it. 


On the same page, the author advocates the use of sloping stirrups. These 
are not useful in practice since they do not form a rigid cage of reinforcement 
as do vertical stirrups. They are of course excellent in theory. 


Mr. Rensaa’s discussion of shear conditions at points of contraflexure is 
unconvincing. He goes to some length to prove the elastic shear stress theory 
inapplicable, but surely it is as valid here as anywhere else? The elastic 
theory merely assumes that concrete is incapable of resisting tension due to 
bending and this assumption may be made at any section. It is submitted 
that sudden failures of beams at the assumed points of contraflexure are due to: 

(a) Initial diagonal cracking developing in the absence of web reinforcement, 
leading to splitting along the main reinforcement accompanied by loss of bond. 


(b) Insufficient anchorage (i.e., grip length) of the main steel either side of the 
assumed point of contraflexure which combined with (a) leads to disastrous failure, 


a. 
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Axial tension due to shrinkage may lower the incidence load for diagonal 
cracking, but does not affect the essential mechanism described. If this is 


prevented, then there is no reason to consider a point of contraflexure as an 


especially weak region as argued on pp. 708-709. 

On p. 714, Lines 4-7 have a strong flavor of the famous “simple rules” in 
Alice in Wonderland, and in Lines 13 to 15, does the author argue that every 
beam requires compression reinforcement or merely nominal or designed 
stirrups anchored to top tie rods? 


AUTHOR’S CLOSURE 


The discussers have brought up several questions which would warrant ex- 
tensive discussion but this will be limited to only a few of the points mentioned. 

Professor Gesund is of the opinion that vertical stirrups may be more effi- 
cient in carrying vertical shear than bent up bars. Both his sketches and 
Fig. 2b could be interpreted as proof of his contention. The writer might 
also have agreed, were it not for the result of comparative tests which prove 
otherwise. In this respect reference is made to the extensive German tests® 
and also to tests made in the United States (Reference 2, chapter 4). These 
seem to show that bent-up bars are somewhat more efficient than stirrups 
but that a combination of stirrups and bent-up bars with the latter taking 
the major part of the shear is the best system of shear reinforcing. If we 
accept this, it will then be necessary to start from this point and try to find 
out what makes bent-up bars more efficient. Several writers have pointed 
out that stirrups do not act with much efficiency before a crack has opened 
up to some extent. That is also quite understandable because some trans- 
verse bending of the legs of a stirrup must take place before it becomes effec- 
tive and can take longitudinal tension. They act afterwards partly as dowels 
and partly in direct tension. A bent-up bar, which generally crosses a crack 
more at a right angle, will get into action at once when a crack starts to form 
and does not require any transverse bending to do so.29 It is even possible 
that in addition bent up bars may have a dowel effect in some cases. Bent 
up bars would of course be much more effective as dowels than stirrups be- 
cause of their generally larger cross section. Such bars will therefore have a 
much greater value in preventing a crack from increasing and this is a rather 
important factor. Furthermore, bent-up bars are not so likely to fail pro- 
gressively as stirrups are and they have generally a better anchorage than 
stirrups have in some cases when the crack comes near the stirrup ends. Bent- 
up bars are for the above reasons more efficient and reliable, if crushing at . 
the bends is guarded against. In addition it should be recognized that stirrups 


_ will only take the vertical component of the diagonal tensile stresses and that 


more longitudinal reinforcing and better anchorage will be needed to make 
up for the deficiency of horizontal web reinforcing. 


The discussion by Dr. Hajnal-Kényi is a valuable contribution to the prob- 
His tests certainly prove how important proper 
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anchorage of stirrup ends is even when the stirrups are made of deformed bars. 
This information should influence future anchorage requirements. It is not 
unusual to see stirrups anchored with ordinary hooks on the tension side on 
the portion of a beam acted on by a negative bending moment. The writer 
has often wondered how effective such stirrups are. It was not, however, 
the writer’s intention to minimize the importance of stirrup anchorage. Prop- 
er anchorage is, of course, of special importance when stirrups are used for 
carrying the main part of the shear. 


Dr. Herzog presents an interesting theoretical discussion of stress con- 
ditions at and near a support. The exact stress distribution at the support 
of a beam is complicated. A solution might possibly be obtained by means 
of the mathematical theory of elasticity, although bond slip would complicate 
its use. Photo-elastic stress analysis with a model simulating the properties 
of reinforced concrete could perhaps also be used. It seems possible that the 
stresses on the portion of a beam on a distance equal to about the depth of 
the beam would be much like those for beams of high depth-span ratio. 


The writer wants to correct the expression on p. 709 in the second para- 
graph, under Flange Effect, that “at a freely supported end with ordinary 
proportions of flange and stem, the flange will have a negligible effect on pre- 
venting initial diagonal tension cracks in the stem.” A correct statement 
would be as follows: At the freely supported end of a beam the strength of’ 
a beam to resist initial cracking will depend on the tensile strength of the con- 
crete and on the section modulus and moment of inertia of the uncracked 
concrete section. These properties will govern the initial strength in bending 
and shear of the section. The presence or not of reinforcement will have 
little or no effect. Since a T-beam will generally have a larger section modulus 
and moment of inertia than a rectangular beam of the same height as the 
T-beam, and with the same width as the stem of the T-beam, we should then 
expect a correspondingly greater initial cracking load. 


In answer to Dr. Neville’s discussion, it is not difficult to understand that 
a T-beam with equal height to a rectangular beam and with a web width 
equal to the width of the rectangular beam could be up to 60 percent stronger. 
It is to be expected that on the portion of a beam where both shear and bend- 
ing moment are a maximum and the flange is on the compression side, the 
T-beam would show a greater ultimate strength. The comparison would 
not be fair, however, since the lever arm of internal stresses would not be 
the same for the two cases and that was a necessary condition as stated in 
the paper. The flange, if on the compression side, will undoubtedly increase 
the shear-compression strength of the beam. If the initial cracking load 
was followed by an immediate failure in both cases, it would then be justified 
to say that T-beams are much stronger in shear than rectangular beams. 
That would apply even if the flange was on the tension side of the beam and 
provided there was no appreciable axial tension from shrinkage restraint 
in the flange. Such failures would be of the brittle kind which we do not 
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-want. We should, therefore, require that the section of concrete remaining 


uncracked, together with the reinforcing crossing a crack, have a greater 
strength than the original concrete section. If there is insufficient strength 
in the reinforcing to make up for the loss of the cracked portion, such rein- 
forcing would be of no help and failure would follow immediately after the 
initial crack had formed. If the residual section of concrete together with 
the reinforcing is stronger than the original concrete section, there would 
then be no immediate failure but as the load increased, the crack would ex- 
tend farther up into the remaining concrete section and make it less and less 
effective. The area of concrete contributing to the carrying of shear is, there- 
fore, not constant but will decrease as the load increases. In the case of the 
flange being on the tension side of the beam a crack would pass through the 
flange long before failure making it completely ineffective to resist any shear. 

Near the end of a freely supported beam where the bending moment is 
small but the shear is a maximum, the flange would lose most of the advantage 
it gives where both shear and bending are high excepting perhaps some of its 
influence in lengthening the internal lever arm. At such a point, failure would 
be mostly due to diagonal tension as the compressive strength of the flange 
would not be of much importance. 

The writer’s criticism of the 1956 ACI Building Code was clearly stated 
to refer to Section 801(e). This clause specifies the use of web reinforcing 
on a beam from the support to beyond the extreme position of the point of 
contraflexure, that: is, on the portion of a beam acted on by a negative bend- 
ing moment. The flange on this portion is in practically all cases on the ten- 
sion side and how the presence of such a flange can preclude or hinder a shear 
failure is beyond the writer’s understanding. If it is wanted to lower the 
requirements for web reinforcing in a T-beam, it should-then be clearly stated 
under what condition this can be done safely. Making a general rule out of 
the most favorable condition is the same as setting traps for the unwary. 
The writer’s criticism of this clause in the ACI Code seems therefore, well 
justified. 

It is not unusual to see cracks caused by concrete shrinkage across slabs 
which are long and heavily restrained against contraction even if there is no 
bending of the slab at such a point. The force required to form such a crack 
which often occurs after the concrete has obtained almost its full strength, 
is quite large. Assume for instance a concrete tensile strength of 300 psi 
which is not unusual for good concrete and a 4 in. thick slab. The force 
required per linear foot to tear this slab apart will then be 300 X 4 X 12 = 
14,400 Ib and for an 8 ft wide slab, for instance, 115,200 lb or 57.6 tons. That 
is certainly not something negligible if we want to make exact calculations. 
On the portion of a T-beam acted on by a negative bending moment, the 
tension from bending and that from shrinkage, whatever magnitude this is, 
will be additive, while on the portion of the beam with positive bending mo- 
ment they will be subtractive. A crack in the top flangé is, therefore, most 
likely to develop first near the interior support but if the beam is long a second 
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crack may also occur in another place nearer the point of contraflexure. When 
the slab flange cracks, the shrinkage reinforcing will come into action and 
will carry some of the tension previously held by the slab. However, if only 
the minimum code requirement has been followed for the shrinkage rein- 
forcing, this will generally be insufficient to carry all the previous tension in 
the concrete. The shrinkage reinforcing will be stressed beyond its yield 
point and remain in tension corresponding to this. The balance of the total 
tensile slab stress lost will then have to be transferred to the adjacent beams 
and carried by their reinforcing, which fortunately is sufficient also for that 
purpose in most cases. It is quite usual to find that a visible crack, in for 
instance a long corridor slab, will diminish towards the longitudinal corridor 
beams and get out of sight there. However, it is quite certain that the extra 
shrinkage tension does not disappear at the beam but has to be taken up by 
this in addition to its usual bending stress. It seems under these circum- 
stances even more unrealistic to believe that a flange on the portion of a beam 
acted on by a negative bending moment has any value in resisting shear. It 
would also appear that some extra shrinkage reinforcing at the top of a slab 
adjacent to a beam would be beneficial on the negative moment portion. 


The writer thinks that it is a proved fact that longitudinal tension in a bar 
embedded in concrete in addition to bond stresses also creates transverse 
tensile stresses in the surrounding concrete. This concrete then is stressed 
in tension, first from shrinkage, secondly from a transverse component of 
anchorage stresses and, thirdly in some cases from dowel action. The com- 
bination of the first two stresses mentioned generally does not leave much 
strength for the third in the case of the main reinforcing. Dowel failure is 
also apt to occur before the ultimate load is reached which makes it even 
more reasonable to neglect its effect on shear strength. 


Professor Chinn’s information that compressive stresses in reinforcing have 
been measured and found to be of about the same magnitude as calculated 
by the writer is interesting. These stresses will, of course, vary with the 
steel percentage and the concrete properties. 

The diagonal cracks in the beams shown near the support in Fig. A could 
probably have been avoided if top bars of a reasonable size had been used as 
the writer has recommended. There could at the upper end of the crack be 
a small negative bending moment caused by the column restraint and no 
reinforcing for such is shown. In the case of the unbroken slab this would 
have some tensile strength which most likely prevented formation of diagonal 
cracks. It may also be mentioned that in a case like the one shown with 
the lower end of crack close to the support, there will be a considerable safe 
dowel action which will be a help in this ease. 

Mr. Falconer presents a theoretical discussion which is not easy to follow 
in all its details. The writer is, however, pleased to note a general agreement 
in the majority of cases. 

Regarding points of contraflexure the writer based his treatment on the 
simple and safe assumption that if a crack first starts at such a point it would 
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then continue to go through the beam. There is, of course, a possibility that 
a bent-up bar passing through the middle of a crack under formation could 


stop it from further extension, but it does not seem safe to figure with such 


a possibility. If a crack has severed a beam completely, any theory that 
includes action of concrete along or across such a crack must necessarily be 
erroneous. 

The writer would be in full agreement with the inclusion in a code of Mr. 
Falconer’s Eq. 3(a) which is identical to Rausch’s formula, whose deduction 
was shown in the paper. Whether Eq. 4(a) is preferable to the ordinary 
simple rules is more difficult to say. 

In general, it seems doubtful that we shall ever be in a position to figure 
stirrup requirements exactly. There are too many uncertainties including 
the strength of concrete in tension and above all, the uncertain and variable 
effect of shrinkage and support restraint against longitudinal movement. 
These effects are to some extent of a secondary order as far as ordinary bend- 
ing is concerned but are of primary importance when it comes to shear and 
diagonal tension resistance. The situation would look rather hopeless were 
it not for the fact that we know for certain that the maximum web reinforcing 
required will be for the full shear. How well does it then pay to save a little 
web steel by time absorbing calculations based on uncertain basic assumptions? 
If we make wrong assumptions. the result may be both failure of the structure 
and ruin of the designers reputation. The writer would answer this question 
with a quotation from Professor Gesund’s discussion: 

“Tt must be remembered that a few additional stirrups compared to the 
cost of a structure are cheap insurance against a type of failure that has 
been all too common in the recent past.” 

The writer would like to express his eratitude to those who have taken 
part in this discussion and contributed to the accumulation and extension 
of knowledge concerning the difficult and contentious questions considered. 
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Disc. 55-46 


Discussion of a paper by D. Watstein and R. G. Mathey: 


Strains in Beams Having Diagonal Cracks" 
By MICHAEL CHI, 8. B. L. SMITH, J. TAUB and A. M. NEVILLE, and AUTHORS 
By MICHAEL CHI} 


The authors reported some interesting but unexpected results. In short 
shear spans, strains are known to be nonlinear to a moderate degree.t The 
extreme departure from linear distribution of strains and considerable shifting 
downward of the neutral plane cannot be completely explained by influences 
of shearing strains and local compression by point loads. The following 
analysis was developed in an attempt to understand and explain the experi- 
mental results. 


Reinforced concrete is equivalent to a homogeneous material by virtue of 
transformed section. Like all homogeneous materials, a reinforced concrete 
beam owes its beam action to adequate resistance to horizontal shear— 
specifically, the strength of bond and rigidity of strips of concrete between 
cracks. When this resistance is adequate, resultant compressive stress in a 
rectangular beam remains a distance of 1/3 kd from the top extreme fibers, 
shown in Fig. A as line ab. 


As soon as this resistance is overcome by shear, the member ceases to 
behave like a true beam and acts more like a tied arch. This was pointed 
out by Komendant? in his Fig. 2. Moment in the beam remains the same as 
predicted by laws of statics. Tensions in steel, however, are greater than 
those developed by beam action. The accompanying increase in the result- 
ant of compressive stresses in concrete must bring its point of application 
much closer to the steel level, as illustrated by line acd in Fig. A. 


Pressure line acd has the following effects. _ First of all, the distribution of 
strain can no longer be linear. Only a big bulge of stresses near the mid- 
depth and a down shift of neutral axis, as shown in the left diagram of the 
authors’ Fig. 4, can produce resultants indicated by line acd. Extreme fiber 
stress must also decrease—even changing to tension. Secondly, the rapid 
extension of steel promotes prolongation of cracks. Because of the presence 
of curved pressure line acd, cracks are deflected to flatter slopes, following 
curved paths, and converging to the loads; the one nearest the support be- 
comes the so-called diagonal crack. Thirdly, the vertical component of the 
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Fig. A—Pressure lines in shear 
span for different degrees of 
resistance to horizontal shear 


resultant along line acd is usually smaller than the external shear. The 
unbalanced shear must be taken by the steel. The short lengths of steel 
exposed by cracks are usually capable of providing this dowel action. 


When the ability of the beam to resist horizontal shear is completely 
destroyed, resultants of compressive stresses in concrete follow a straight 
path as shown by line aed in Fig. A, while the tensions in steel at support 
and at midspan are equal. It is obvious that the vertical component of 
line aed is equal to the external shear and the steel need not take any shear. 
Therefore, the shear taken by steel reaches a peak value just when beam 
action is broken, and gradually drops to zero when destruction of shear 
resistance is completed, as indicated in the author’s Fig. 8. It is noteworthy 
that resistance to horizontal shear depends on the combination of strength 
of bond and rigidity of strips of conerete between cracks. Closely spaced. 
cracks would destroy the beam’s resistance to horizontal shear regardless 
of the strength of bond. 


It is seen that the diminishing ability of the beam to resist horizontal shear 
can be considered as the cause of its mysterious behavior. Formation of 
the diagonal crack may be a consequence rather than a cause of it. 


Incidentally, strain gages on the concrete surface measured concrete strains 
but could not detect displacement of one gage relative to the other. Strain 
data at lower loads, reported by the authors, indicated that concrete strains 
were proportional to their distances from the neutral axis but this did not 
prove that plane sections remained plane. In other words, strains in a shear 
span obeyed Navier’s law at low loads but not Bernoulli’s hypothesis.* In- 
validation of the latter in a shear span has been amply exposed by standard 
texts. This minor error surely should not mar the authors’ excellent pre- 
sentation of interesting test results. | 
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By R. B. L. SMITH* 


The free body analysis of shear transference is of great interest since it 
is used in conjunction with the experimental evidence of steel strain measure- 
ments. It is reported that the maximum value of V, occurs when the diagonal 
crack first approaches the section at the applied load, i.e., immediately before 
bond breakdown along the steel between sections a and b in Fisy 7. lors 
indicates that the greatest danger of horizontal splitting between the main 
steel and the body of concrete above it in the region between section b and 
the support occurs at this stage of maximum dowel action. In short shear 
spans such as those of the author’s tests, such splitting is prevented by the 
fact that the bottom of the diagonal crack almost runs into the support, 
but with longer shear spans this is a most common form of failure of beams 
without stirrups, usually reported as diagonal tension failure, since it occurs 
as soon as the diagonal crack is fully developed. The horizontal splitting 
may lead to anchorage failure or (since bond failure between sections a and 
b is imminent, leading to constant tension in the steel from section a to the 
anchorage on a small increase of load) the steel strain increases rapidly causing 
excessive rotation and failure about the top of the diagonal crack. 


If this horizontal splitting is prevented, by using stirrups in the region 
between section 6 and the support, the bond failure between sections a and 
b, as the load is increased, results in a condition equivalent to: 


for which Ve = Ty 
= bending moment at section a 


nalysis, Vi = 0, i.e., all the shear force must be 
ction at the top of the diagonal crack. In spite 
d in tests that this section does not shear through. 
As the load increases, it either fails in flexural compression as it reduces in 
area, as described by Laupa and others, or else the diagonal crack continues 
as an almost horizontal split following a direction perpendicular to the principal 
tension. This latter development may be restricted by the use of stirrups, 
Technology, Manchester, England. 


Thus using the authors’ a 
carried by the uncracked se 
of this, however, it is observe 
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which therefore may be of value outside the shear span, in a function com- 
plementary to that of preventing splitting along the main steel referred to 
above. 

Stirrups in the region between sections a and b influence the mechanism 
whereby diagonal crack penetration of the compression zone leads to flexural 
failure. Since they act in tension, if these are superimposed on the free 
body diagram, it will be seen that the direction of the force V; (i.e., the dowel 
action) must be reversed after bond failure. 

The right hand sketch above incidentally explains the strain reversals in 
the top surface of the concrete observed by the authors, since the “strut” 
is eccentrically loaded. 


By J. TAUB* and A. M. NEVILLE 


Messrs. Watstein and Mathey are to be commended on a clear investigation 
and presentation of test results. The authors’ report was especially interest- 
ing to the writers as they have just prepared a paper on the resistance of 
reinforced concrete beams to shear. 

On the basis of data presented by the authors the following picture of 
beam behavior seems to be probable. 


DISTRIBUTION OF COMPRESSIVE STRESS IN CONCRETE WITHIN THE SHEAR SPAN 


The strain distribution for beam A-15 is given in Fig. 4. On the basis of 
this figure the stress distribution in Section III of this beam under loads of 
15, 35, and 55 kips will now be considered. 


(a) Up to load P = 15 kips the stress distribution was linear. No cracks 
were formed in the shear span, and the neutral axis lay at middepth of the 
beam. Up to this load the beam behaved, therefore, like a beam of un- 
reinforced concrete. 

For the load of 15 kips the bending moment at Section III was M = 
7500 X 18.5 = 138,750 in.-lb. The stress at the extreme fiber of the beam 
was, therefore, f. = (6 X 138,750)/(6 x 15*) = 617 psi. 

According to Fig. 4 the strain at the extreme fiber was 200 xX 10-8, hence 
the average value of modulus of elasticity of concrete was 3 X 108 psi. 


(b) Under the load P = 35 kips two major diagonal cracks in the shear 
span were well developed. In Fig. B(a) the points of intersection of these 
cracks and Section III are marked by M and N, respectively. As it can be 
seen from Fig. 4 the point M coincides with the level of the neutral axis. 


The low position of neutral axis is to be noted; its distance from top of the 
beam was about 9.8 in. 


On the basis of strain measurements at Section ITI the curve of compres- 
Slve stress in concrete was traced in Fig. B(b). This curve was drawn 
according to the following assumptions: ; 


*Head of Structural Department, Workers’ Housing Co., Tel Aviv, Israel. 
% ae American Concrete Institute, Lecturer in Hngineering, University of Manchester, Manchester, 
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Fig. B—Stress distribution in concrete at Section Ill for P = 35 kips 


1. Since no compressive stress can be transferred across the diagonal crack the in- 
ternal compressive force at points M and N is equal to zero. 
2. The average value of modulus of elasticity of concrete is 3 X 10° psi. 


According to Fig. 4 the maximum strain for P = 35 kips occurred at the 
extreme fiber of the beam and amounted to 400 X 10-°°. The maximum 
compressive stress there was, therefore, 1200 psi. 

The diagram of compressive stress in concrete, shown in Fig. B(b), con- 
sists of two branches. This seems to explain the low position of the neutral 
axis. The upper component of internal compressive force is C1 = 20,600 lb; 
its distance from centroid of tension reinforcement, y1 = 11:5 in. ~The cor- 
responding figures for the lower component are: C2 = 15,300 lb, y2 = 6.4 in. 
The resultant compression force in concrete yields to 35,900 Ib; its distance 
‘from centroid of tension reinforcement is 9.3 in. 

The correctness of the above figures will be checked as follows. The bend- 
ing moment at Section III under the load of 35 kips is M = 17,500 X 18.5 = 
323,750 in.-lb. Hence the tension force in the longitudinal reinforcement, 
T = M/jd = 323,750/9.3 = 34,800 Ib. It is seen that this value is in fairly 
good conformity with the above calculated value of the compression force C. 


(c) Up to load P = 35 kips the maximum compressive strain in concrete 
was developed at the extreme fiber of the beam. For higher loads the maxl- 
mum compressive strain in conerete occurred some distance below the ex- 
treme fiber. For P = 55 kips this distance was 3 in. at Section III and about 
6 in. at Section I. For loads exceeding 45 kips, even a small tension strain 
occurred at compressive face of the beam at Section I. 

t a tied arch action was now developed in the 


This seems to indicate tha 


beam as shown in Fig. C. The strain measurements correspond well to this 


_ assumption. 
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Fig. C—Tied arch action developed under higher loads 


STRESS IN THE REINFORCEMENT WITHIN THE SHEAR SPAN 


In six beams, strains in steel at a section 3 in. from the support and at 
midspan were measured. Up to the load where no cracks in the shear span 
appeared, the tensile stress below the neutral axis of the beam was taken 
by the concrete and the stress in the reinforcement was practically equal to 
zero. After formation of the diagonal crack the stress in tension steel at 
intersection with this crack increased rapidly. With increasing load the 
crack extended toward the load point and opened wider. At intersection 
with the tension steel it pressed down this steel in the direction of its open- 
ing; the force in the longitudinal reinforeement acted, therefore, inclined. 
Fig. D shows the beam deformation for this stage of loading. 

From this figure it is seen that the tension steel now transfers a significant, 
part of the vertical shear. The measurements by the authors showed that 
at loads ranging from 0.42 to 0.46 of the maximum the ratio of the maximum 
transferred shear to the total shear in the beams ranged from 0.34 to 0.74. 

With further increase of loading, the force in the tension steel at inter- 
section with the diagonal crack greatly increased, and the bond between 
this steel and the concrete was successively destroyed on both sides of the 
crack. Under action of this force the longitudinal steel at the crack crossing 
became straightened and its inclination toward the beam axis decreased. 
According to the conditions of equilibrium the three forces, C, T, and V, 
must meet at one point; the inclination of the compressive force in concrete, 


Fig. D—Beam deformation 
after the diagonal crack was 
fully developed 
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therefore, now increased. A tied arch action in the beam was developed as 
shown in Fig. C. The shear transferred by the concrete now became greater 
and that by the tension steel accordingly smaller. 


The strain measurements by the authors seem to confirm the above 
description of beam behavior. 


AUTHORS’ CLOSURE 


Mr. Smith’s discussion advances the hypothesis that the formation of a 
diagonal crack is followed by “breakdown” of bond along the steel between 
sections a-a and b-b in Fig. 7. While it is true that the bond stress decreased 
sharply along this length of steel on the development of a diagonal crack, 
this occurs by reason of the fact that the tensile stress increases sharply at 
section b-b and not because of “breakdown” of bond which we normally 
associate with excessive slip of the steel bars. 


According to the authors’ observations, the portion of the shear transferred 
by dowel action of the reinforcement decreases with an increasing load, and 
as the cracks widen the fractured segments of concrete lose their ability to 
transfer vertical shear across the cracks. This view of the mechanism of 
shear transfer by dowel action and the fractured segments of the concrete 
beam is confirmed by the data given in Fig. 8. It can be seen that the speci- 
men B-18-2 which contained 3.05 percent reinforcement stressed to 33,000 
psi at failure still transferred about 25 percent of the total vertical shear at 
a load equal to 0.86 of the maximum. Specimens D-18-1, D-18-2, and 
E-18-1, with smaller ratios of reinforcement (0.75 to 1.16 percent) which had 
steel stresses of 70,000 to 88,000 psi at failure showed little ability to transfer 
vertical shear as the load approached the maximum. 


_ Mr. Chi stated that the paper presented “........ unexpected results.” 
The authors’ observation of nonlinear strain distribution within the shear 
span and even the presence of tensile strain at the extreme fiber of the com- 
pressive zone was not entirely unexpected. Similar results attending the 
redistribution of stress following formation of diagonal cracks were reported 
by Morrow and Viest® and Hanson. Hanson also advanced a hypothesis 


which satisfactorily explained the nonlinear strain distribution in the concrete 


observed by the authors. 

Mr. Chi in his discussion correctly attributes the diminishing ability of 
the beam to transfer vertical shear by dowel action as the load increases 
to the gradual destruction of the shear resistance of the cracked sections of 
the beam. It does not appear, however, that the resistance to shear is de- 
the segments of the beam between adjacent cracks, 
or the spacing of cracks. We may refer again to Fig. 8 and point out that. 
the beam with the largest percentage of reinforcement (B-18-2) which had 
the same crack spacing as the beams with lower ratio of reinforcement, proved 
to be most durable with respect to transfer of shear by dowel action. It is 
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concluded that it is the width of cracks in the shear span that determines 
the ability of the cracked beam to resist shear. 


Mr. Chi correctly pointed out that the shearing stresses cause a plane 
section to become warped, so that strictly speaking we cannot refer to a 
plane section remaining plane within the shear span. The authors tacitly 
neglected the effect of the shearing strain in producing distortion of a plane 
section to bring out more clearly the departure of the flexural strain distri- 
bution from a linear one upon formation of a diagonal crack. 


The authors appreciate the discussion of Drs. Taub and Neville which 
presents a clear analysis of the behavior of the beams following formation 
of diagonal cracks. 


REFERENCES 


5. Morrow, Jo Dean, and Viest, I. M., “Shear Strength of Reinforced Concrete Frame 
Members Without Web Reinforcement,” ACI JourNnaL, V. 28, No. 9, Mar. 1957 (Proceedings 
V. 53), pp. 833-870. 

6. Hanson, J. A., “Shear Strength of Lightweight Reinforced Concrete Beams,’ ACI 
JournaL, V. 30, No. 3, Sept. 1958 (Proceedings V. 55), pp. 387-403. 


Niele tea falas ike A a as a 


ON 


sia haa a ik 
ray tt ih = % ‘ . 


Disc. 55-47 


Discussion of a paper by K. C. Ray: 


Influence Lines for Pressure Distribution Under a 
Finite Beam on Elastic Foundation’ __ 


By H. S. GEDIZLI, GERALD PICKETT, DRONNADULA V. REDDY, ANDREW RETI, 
DONALD A. SAWYER, and AUTHOR 


By H. S. GEDIZLI} 


We know that the first differential equation of the paper is only true in the 
case of a grade beam which is imbedded in a material capable of exerting 
downward as well as upward forces on it and which is also infinitely long. 
Otherwise, there are breaks in the deflected earth surface, corresponding to 
the ends of the beam; this contradicts the principle of continuity. Its use 
is not advisable for finite grade beams. In the writer’s opinion, it would be 
much more suitable to follow Pozzati’s method of analysis of finite grade 
beams,” which is simple, clear and exact. 

By applying this method to the same example as in the paper, it can be 
easily shown that the final results, i.e., the moments, shears, and pressures of 
the finite grade beam, are obtained by superposition of the moments, shears, 
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and pressures of three infinite beams, namely; one infinitely long grade beam 
bent by the same concentrated loads; one rightly semi-infinite beam bent by 
a moment and a concentrated load at left end as shown on Fig. A; and one 
leftly semi-infinite beam bent by a moment and a concentrated load on right 
end as shown on Fig. A. The numerical results are also recorded on Fig. A. 
The discrepancies between the moments as well as shears are not important 
but the discrepancies between the pressures are considerable. It is important 
to remember that these two methods of analysis of finite grade beam are only 
applicable in the case that all pressures are positive, i.e., they are upward 
forces. If however some of them are downward forces we must follow 
Schindler’s method of analysis.* 
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By GERALD PICKETT* 


The author is to be commended for converting the theoretical solution of 
this problem to a form readily usable by the practical designer. There is one 
point, however, in regard to subgrade modulus that is not entirely clear. The 
author indicates that the use of a subgrade modulus is valid but does not in- 
dicate how one is to determine what numerical value to use. Perhaps the 
author would recommend that which would be used for a pavement slab under 
interior loading. If this is the case it should be so stated. 

The use of the method of finite differences usually results in relatively 
simple derivations but may require rather lengthy computations for desired 
accuracy as the author discovered. However, this handicap has now largely 
been overcome with the increase in availability of digital computers of greater 
capacity and speed. Those with these more modern facilities available 
should be encouraged to make similar contributions by the author’s example 
which was accomplished without benefit of these machines, but with the aid 
of assistants using only desk calculators. 


By DRONNADULA V. REDDY} 


The writer has read with interest Mr. Ray’s useful contribution to the 
analysis of finite beams on elastic foundation. The tabulated values of 
influence lines will be of considerable assistance to designers. 


*Member American Concrete Institute, Professor of Mechani i i i ; eee 
tResearch Student, Department of Building Science, Ouiveraine bf lly tyler madison, Wis, 


SaaS ea 


INFLUENCE LINES FOR PRESSURE DISTRIBUTION 1461 


Hetényi’s! classical solution of the problem of a finite beam on an elastic 
foundation is well known and it is surprising to read a statement of the author 
that ‘““Hetényi attempted to solve it analytically.” Again, Hetényi has covered 
a wide range of loading and boundary conditions and Mr. Ray’s comment 
that “His solution is for a concentrated load which is seldom encountered in 
practice on a long beam’ appears misleading. The analysis for influence lines 
considers a moving concentrated load and this in fact limits Mr. Ray’s ana- 
lytical procedure to the consideration of a concentrated load only. 

Mr. Ray’s statement that the determination of influence lines for moments, 
shears, and deflections at 20 sections of the beam requires the expressions to 
be calculated 3 X 20 X 20 = 1200 times disregards Betti-Maxwell reciprocal 
relationships! Consider a beam loaded as shown in Fig. B. From reciprocity 


Ao = Ae PMO\G PNT i AN perc Aen oo Olgrcae, ech oe ea ee (5) 


Suppose it is required to draw the influence line for deflection at Point 1. 
It is only necessary to place a unit load at Point 1 and determine the flexure 
line. This elastic line is the actual influence line for deflection at Point 1. 
It would therefore appear that only 3 X 20 calculations are necessary. In 
the case of a beam of uniform section the advantage of symmetry reduces 
the number of required computations to 3 X 10. 

From the simple reasoning above it will be obvious that Hetényi’s equations 
for the elastic lines offer an easy means of determining influence lines. In 
a discussion of the equations expressing deflection, slope, moment, and shear 
for beams of infinite length Hetényi has illustrated the elegance of the mathe- 
matical solution with the statement: ‘‘We encounter here the most general 
applicability of the reciprocal theorem, since it holds in this case not only 
for displacements, but also for angular deflections, bending moments, and 


Fig. B—Influence lines for 
deflection 
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shearing forces.” Since tables are the end products of analytical procedures 
the designer is not expected to work out expressions containing hyperbolic 
functions. The labor involved in computing the tables from Hetényi’s solu- 
tions will compare favorably with that in a finite-difference analysis. Further, 
by using infinitesimals instead of finite differences a greater degree of accuracy 
is obtained. Beams with variable cross sections and different end conditions 
can be analyzed. 


The application of numerical procedure to the solution of beams on elastic 
foundation was first described by Levinton.’ In a discussion of Levinton’s 
paper Gold® illustrated the use of the finite difference method. Wright’ has 
used relaxation methods of solution. Several numerical examples using 
finite differences can be found in a paper by Malter.* However, all these 
numerical methods yield particular solutions which necessitate a repetition 


The use of Fourier series in physical problems, which is usually referred 
to as harmonic analysis, considerably simplifies methods of solution. Hetényi* 
has applied trigonmetric series to the problem of a beam on an elastic foun- 
dation. However the range of applicability of Fourier series is limited by 
the different end conditions to be considered. Inglis? has replaced the sine 
and cosine functions of harmonic analysis by functions of a more complex 
nature and developed an analogous method known as the “basic function”. 
method which easily takes into account different boundary conditions. 
Jaeger has applied the method to the solution of interconnected beam systems. 
Hendry": has developed a simple procedure for the application of basic 
function theory to the analysis of beams on an elastic foundation. The 
method has been described by the writer." 


The differential equation of flexure for a beam on an elastic foundation is 


dw 
El 7 Q(t )0 =| ROW Say br a ee eee (6) 
where w = deflection q(x) = intensity of loading 
x = distance along the beam b = breadth of the beam 
EI = flexural rigidity k = subgrade modulus 


The equation is satisfied by the function 
w(x) = A (cosh Ox + B cos Ox) + C (sinh Ox + D sin 27} aE nen Ae (7) 


where 9 = Vkb/4E/ —a factor influencing the shape of the elastic line and 
therefore called the characteristic of the system. A,B,C,D = constants. 


The first and second sets of parantheses contain symmetrical and anti- 
symmetrical functions about the midspan. These functions are termed basic 
functions. The symmetrical functions will be hereafter referred to as F\(2), 
F3(x),...and the anti-symmetrical functions as Fy(az), FalB) os wx 
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TABLE A 
1/2 
a/l [Fx(x)]2dx : 
0 0.1 0.2 0.3 0.4 0.5 |-t/2 a 
Fi (z) | —6.52 — 5.58 —2.91 +1.055 45.77 +10.74 28.11 1.506 
Fe(z) | —0 —24.50 —33.60 —20.15 —11.50 +50.80 698 1 2.50 
Fs (a) | +174 +80.30 —98.40 | —157.60 —12.80 | +244.9° 15,7001 3.50 


Taking the origin at the center of a beam of length | and applying the 
boundary conditions at « = + 1/2, (EI) (d’w/dx?) = 0, and (EI) (d*w/dz*) 
= 0 yields a series of values for the characteristic 8. The equation has an 
infinite number of solutions. Putting On = (Pn m)/l, the first two values of 
symmetrical functions are 0 = 1.506 x/l and 03 = 3.5 7/l and the first value 
of the antisymmetrical functions is 02 = 2.5 a/l. 


The applied load g(x) can be expressed as 


g(r) = NDE AS a Co emer on veer caer ebay to ie (8) 
Multiplying both sides by FP, (x) and integrating from 7 = — /2to®z = + 
1/2 gives 
1/2 
op: GY CD) Estes gris ape Sieteprt hg nae aa (9) 
a2 


qi = 1/2 
ip [Fa(x)]? dx 
1/2 


1/2 
The values of Ff, (a) and f [F, (x)]? dx have been plotted by Hendry” 
4/2 


These curves have been reproduced by 


for the first three basic functions. 
For the convenience 


the writer in Reference 13 and will not be shown here. 
of readers the values are tabulated in Table A. 


Noting that the deflection and load distributions are similar the deflection 


is represented by 
Ue aaa od) outst ine en SE (10) 


Substituting Eq. (10) and (8) in Eq. (6) gives 


The values of An thus obtained determine the deflected profile. The 
ed by differentiating the deflection expressions 


moment expressions are obtain 3 
twice. The “shapes” of the second differentials of Fi (x), Fy. (x), and Fs (2) 
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TABLE B—PRESSURE COMPUTATION 


—0.125 


—0.475 


—0.500 


= 
l 


Fi (2) +10.74 | +9.5 roe 0 -3.7 | —5.0 

Ps (@) 4244.7 | +180 —60 = —60 +40 

AiFi (2) 40.0273 | 40.0241 | +0.0114| 0 —0.0094 | —0.0127 
—0.0003 | +0.0002 


AsF’s (2) +0.0012 | +0.0009 ar 


AiF (2) +0.0285 | +0.0250 | +0.0111 | —0.0008 | —0.0097 | —0.0125 
deflection, in. +0.1245 | +0.1245 | +0.1245 | +0.1245 | +0.1245 | +0.1245 
Total 


deflection, in. | +0.1530 | +0.1495 | +0.1356 | +0.1237 


Pressure, ton 
per sq ft 0.9840 0.9610 0.8720 0.7950 


+0.1148 | +0.1120. 


0.7380 


| 
| 
Rigid beam 


have also been plotted by Hendry.!! Superposition of the deflection and 
moment values on the corresponding quantities for an infinitely rigid beam 
gives the final values. 


A concentrated load can be analyzed into the series 


F,, (a) F(x) 


or), mmm ee Tet yy (12) 
fi (F.(x)P dz 
1/2 


where a specifies the load position. 


The basic function method will be illustrated by application to the author’s 
example on p. 732. The loading q(x) and the deflection w(x) are resolved 
into the following basic series 


PE 


The second basic is omitted because it is antisymmetric. 
From Eq. (12) 
gq: = 0.053 ton per ft, qs = 0.00076 ton per ft 
From Eq. (11) 
A, = 0.000211 ft As = 0,000000399 ft 


The computations are tabulated in Table B. Note that the value of 1 ton 
was taken equal to 2240 Ib in converting subgrade modulus and Young’s 
modulus into tons per sq ft, but this does not affect the final values of pressure. 


The pressure distribution thus obtained is compared with the influence 


_ line solution in Fig. C. The author’s solution in Fig. 4 on p. 738 does not 


appear to be correct. The mean pressure under the beam is equal to 120/ 
(60 x 2.5) = 0.8 ton per sq ft. From an inspection of Fig. 4 in the author’s 
paper it is obvious that the area above the mean is much greater than the 
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Fig. C—Pressure distribution along the beam 


area below it. In fact, an approximate numerical integration of the author’s 
pressure diagram by the writer gave a total upward force of 134 tons whereas 
the total load = 120 tons. It was therefore necessary to recompute the 
influence line solution. 

The solutions obtained by Hendry using the basic function method retain 
the parametric form of formal mathematical solutions. This helps the de- 
signer in proportioning section suitable. For instance in Eq. (11) the juxta- 


position of the subgrade modulus (K) and the flexural rigidity (J) of the 


beam will assist in evaluating the relative flexibility of the beam and its 
foundation. The method is applied easily to beams with variable rigidity.” 
It is sometimes argued that the assumption of a profile will lead to inac- 
curacies. The degree of exactness can be refined to any extent desired by 
determining the coefficients multiplying the successive functions of the series 
using energy concepts and the Rayleigh-Ritz procedure. 
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By ANDREW RETI* 


This is the third paper to appear in the last few months on the subject of 
finite beams on elastic foundations.*:!* This can be considered as evidence 
of the recent great interest in this question. The author is to be congratu- 
lated for attempting to aid the designer by presenting extensive tables, 
rather than presenting a new mathematical solution to this problem. These 
tables reduce considerably the bulk of the work involved in computing the 
pressures, bending moments, and shear forces under concentrated loads 
acting at the twentieth points of a beam on elastic foundations. 


The first attempt to solve the problem of the finite beam with the aid of 
influence lines was made by Fritz'® in 1930. Fritz’s influence lines give values 
for only nine positions of the load. Thus, Mr. Ray’s tables with 22 positions 
of the load are an important improvement. It is unfortunate however, 
that in spite of the title no influence lines are included in the paper. In this 
way the designer who wishes to use this paper would have to resort to time 
consuming interpolations if his loading pattern did not fall upon the twentieth 
points of the beam. Thus, when such interpolations between two or four 
values became necessary the time saving purpose of the paper would be 
destroyed. 


The parameter m can be expressed in terms of the well known parameter 
\ used in the articles previously published on this subject. Since 


we can transform it into 
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TABLE C 
_m | 0.0001 | 0.001 | 0.005 | 0.01 | 0.05 0.1 0.2 0.3 0.4 0.5 
rf 
n =< 2 3.55 5.32 S24 os | Thee 1g) 128 | 1s.9" |. des 
= 2X, percent 77.5 | 49.5 | 18.8 | 50 | 24 | 14 | 11 | 7 | 5 


The value d is called “characteristic length” of the beam by Hetényi and 
others. The writer prefers the term “elastic length” or better yet “the unit 
of elastic length’ of the beam. This parameter has a geometric significance 
which can be easily visualized, while the parameter m has no such significance 
attached to it. The 2 is the length of a freely supported beam (of the same 
cross section) which under a concentrated load applied at midspan would be 
stressed by the same bending moment as the infinite beam on an elastic 
foundation. 

From the above it follows that the values of the parameter m can be sub- 
stituted by n L/d as shown in Table C. 

The last line of this table shows the growth of the parameter n. It points 
out that although the author’s tables include a wide range of stiffnesses, the 
most useful range (2 < n < 8) is only covered by four columns. It is highly re- 
commended that this part of the table be extended by including three or four 
intermediate columns. 

Mr. Ray’s statement that a beam with an m value of 0.0001 can be con- 
sidered infinitely stiff confirms this same fact established by Kogler’® in 
1937. For short beams whose length is smaller than two “elastic lengths,” 
L S 2), the influence of the boundary conditions (free ends) is predominant. 
For medium size beams 3 < n < 5 the influence of the end conditions is 
appreciable only in the end thirds of the beam. For long beams, n > 6 the 
center part of the beam can be considered as an infinite beam. The value 
of X is essential in the design of economical foundation beams and its value 
should be related to the average distance between the external loads. Such 
relationships would be difficult to establish using an abstract parameter such 
as m. 

The numerical example presented in the paper illustrates the use of the 
tables very well. The picture would change radically if the conditions in a 
problem did not correspond to those used in the tables. The risk of errors 
due to the cumbersome interpolations required would discourage many people 
from using these tables. It is inevitable that sooner or later a series of com- 
plete influence lines will be published to fill the gap. 

The general solution of the problem of a finite foundation beam was given by. 
Bleich!” in 1938. A modified semigraphical variant of Bleich’s method was 
published by the writer.!819 A short description of this method was pre- 
sented in the writer’s discussion of ASCE Proceedings Paper No. 4£722.?° 

The writer’s method gives results with the accuracy of three decimal places. _ 
The most complicated and irregular cases are quickly solved utilizing only 


three influence line diagrams. 
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Fig. D—Numerical example of K. C. Ray solved by writer’s method 
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The numerical example given in Mr. Ray’s paper shows very well the 
danger of using his tables. The pressure diagram in Fig. 4 appears to be in 
error since the average pressure line of 0.8 ton per sq ft should divide the 
pressure diagram into equal areas. The shear diagram shown in Fig. 6 also 
shows some inadequacies. 


The writer has applied his method to the problem as shown in Fig. D and 


the results are shown in Fig. E. It would be advisable to recheck some of the 
figures of Mr. Ray’s tables. 


The so-called “classical theory” of beams on elastic foundation is based on 
the assumption that the ‘coefficient of subgrade reaction” is a constant. This 
assumption is far from being correct under field conditions. Some engineers 
modify this theory by taking into account the various theories of subsoil 
pressure distribution such as those of Boussinesq, Fréhlich, and others. The 
classical theory thus modified yields results that compare more favorably 
with conditions encountered in practice. The computations required to solve 
a practical problem by the second method are so extensive that in practice 
many designers hesitate to use it as a working tool. 


The imperfections of the classical theory are most apparent in the result 


obtained in the analysis of beams with extremely unfavorable boundary con- 
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Fig. F—Influence of beam rigidity and projection 


a i a cil spaniel A LL LLL LE LIL LLL 
eee ee hee _ 


ee 


WS ‘oe 


INFLUENCE LINES FOR PRESSURE DISTRIBUTION 1471 


ditions and supporting a uniformly distributed external load. These calculated 
results are in striking contradiction with the results of field observations, 
measurements made on completed foundation beams, and of experimental 
investigations. Thus the unlimited application of the classical method 
without engineering judgement can lead to serious mistakes. 


An example of an inconsistent design resulting from excellent mathematical 
analysis untempered by engineering judgement is shown in the bending 
moment diagram of Fig. F. The “free end” condition and the large concen- 
trated load applied near the end of the very stiff beam produced a moment 
diagram that forced the designer to reinforce this beam heavily all along the 
upper edge without having to reinforce it at the bottom. Yet reducing the 
depth of this beam from 7 ft to 4 ft (Beam B) and thus making it more flexible 
produced bending moments whose magnitude is only one-fourth of those 
found in the stiffer beam. If in addition we added a small extension at each 
end of the beam the picture would change completely (Beam @): 

This example is sufficient to show that new mathematical tools for the 
analysis of foundations are not enough in themselves. It is also necessary to 
supply additional rules of thumb for the general layout of the foundations 
and guides for the proportioning of such features as ribs, projections, pedestals, 
and haunches. 

The influence tables presented by the aut 
mathematical work involved in the design. This will allow the designer to 
direct his attention to the over-all problem of the foundation design which 
is more important than the mechanics of the calculation. 
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By DONALD A. SAWYER* 


_ This paper was of particular interest to this reviewer because he had been 
developing a Bell-2 program for use on the IBM 650 electronic computer 
which is intended to grind out the “long expression with hyperbolic functions” 
presented by Hetényi. This program has been put to use several times and — 
Skkermbex American Concrete Institute, Instructor, Department of Civil Engineering, University of Florida, 
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TABLE D—COMPARISON OF VALUES has afforded an excellent opportunity 
| area | Author's | Average tO compare the results of the two 
mvt: FO OR) cg. Rae perer* methods. Unfortunately, the results 
0.5000 | 0.1000. | 0.0881. | 41.9. ®4Of the finite difference method could 
Bt 0.1667 0: 1884 . 18.0 not be verified. 
0: 1000 0: 5000 0.4090 0.0+ Investigation shows that the tables 
0.0500 1.0000 , 2.7586 175.9 P ’ . . 
0.0100 5.0000 4.9819 0.2 in Mr. Ray’s paper contain many dis- 
0.0050 10.0000 27 .3768 173.8 « ‘ F A . 
0.0010 50.0000 49.8624 os crepancies and inconsistencies which 
tain arte i pacha must be corrected or explained before 


they can have much value. Some of 
these errors may have resulted from unfortunate typographical mistakes. but 
others appear to be more basic. Briefly, the following points need further 
explanation: 

1. Considering the approximate method used to obtain the values in the 
tables, it appears that more significant figures than are justified have been 
used. To illustrate this, one might browse through the tables using Maxwell’s 
law of reciprocal deflections. Some values check exactly, whereas others 
fail to agree in the second significant figure. 


2. There appears to be a decimal error for the m = 0.0001 columns. This 
would indicate that the “area” figure given at the end of each of these columns 
should be closer to 555, or thereabouts, rather than the 55.5-- given. It 
will be shown in the next item of discussion that even this will not fully 
correct the error. 


3. If the numbers given are correct, one could integrate the pressure 


over the entire area of the base and obtain the total load P which the beam 
supports. Hence, one can write, 


where: =p = unit pressure on base, psi 
b = width of beam in in. 
L = length of beam in in. 


From the paper 
: L 1 
p = (LO. | Ae ae reat fe me 
p =(1.0.) XK X PX ( 5) 3X a7 


where: I.0. = influence ordinate 
K = subgrade modulus, lb per eu in, 
EI = beam flexural rigidity, Ib-in.? 


Thus 
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But since 


one can write 


The ‘‘area” which the author gives at the end of each column of figures could 
only mean 


since the tables could be thought of as being for a beam of unit length. Hence, 


in Eq. 17 
L 
fio ies Titan See! Ahh atrernen: Oe (18a) 
0 


Finally, then, one obtains 


Eq. (19) relates the area of the influence line to the value of the parameter 
m. Table D lists the theoretical values [as determined from Eq. (19)] of 
the area for various values of m as compared to the author’s actual values 
of the area. Note that the magnitude of the average error varies widely. 


~~ Some of the values are too extreme to be of any use. The possibility of a 


decimal error for the m = 0.0001 case is clearly indicated. 


4. The author states that a beam with an m value of 0.001 may be con- 
sidered as an infinitely stiff beam. The writer agrees with this. However, 
the tables of values for the deflections of such a beam, as given by the author, 
have disturbing implications. Refer to Table 11, for example. This indi- 
cates that an infinitely stiff beam loaded by a single concentrated load in 
the center will experience a deflection such that the center deflects about three 
times as much as the ends. This would indicate that such a beam has consider- 
able flexibility. Thus, the variation of deflection along the length of the 
beam is questionable. It is of interest that the solution given by Hetényi 


. indicates that a beam of comparable stiffness, i.e., m = 0.0001, would deflect 
~~ about 1.12 times as much in the center as at the ends. 


5. The curves presented in the example problem appear to be in con- 
siderable error. A shear diagram such as shown in Fig. 6 could not possibly 
~ result from the load distribution shown in Fig. 4. ~ 


1474 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE 


6. Question is raised of the use of photoelasticity as an experimental check. 
Basically, the photoelastic method would yield a somewhat crude stress 
distribution. From this, one might obtain either deflections or load distri- 
bution by numerical integration or numerical differentiation, respectively. 
Hither procedure would seem too crude to provide the excellent check reported. 
Would the author care to elaborate on his experimental technique? 

7. Though this discussion may seem severe, many of the comments regard- 
ing high accuracy are largely academic since the true value of the subgrade 
modulus, K, may not be known within 50 percent for practical cases of 
application. 

The author and his associates have undoubtedly expended much effort 
in the computations leading up to the tables presented. Obviously, several 
20 x 20 matrices had to be inverted. It may be that the author is not as 
fortunate as the writer in having an electronic computer at his disposal. 
A program designed to solve the equations presented by Hetényi is fairly 
simple to write and the solution on the machine is reasonable fast. For 
example, the machine will compute the deflection and bending moment at 
the tenth points (including the two end points) for a single concentrated 
unit load placed successively at each of the tenth points. In addition, it will 
compute the influence line for the end reaction of a finite beam on an elastic 
foundation with one end on a nonyielding pin support. All of this takes 
about 2 min of machine time per beam length. Beam lengths are entered 
in terms of the dimensionless parameter \L, which corresponds to the m 
given by the author. Since the Bell-2 coding method operates in “floating 
point” arithmetic (i.e., scientific notation), the program will convert the 
results of the main computation into standard fixed decimal numbers at an 
expense of about 2 extra min of machine time per beam length. The writer 
will be happy to provide this program to anyone desiring it at the cost of 
reproduction and postage. 


REFERENCES 
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AUTHOR'S CLOSURE 


The author thanks those who have so ably discussed the paper, and offers 
below clarification of some of the points raised by the discussers. 

Prof. Pickett’s suggestion to use modulus values for interior loading is 
welcome. 

The statement by Mr. Gedizli that the fundamental equation holds true 
only in the case of an infinitely long beam appears to be not in order. The 
equation should hold good in all cases irrespective of boundary conditions. 
The method suggested by him is, however, considered useful for applying to 


ee ee ee 
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TABLE E 
Sections 1 2 3 4 5 6 7 8 9 10 11 
_ Pressure, ie 

tons per 

sq ft 0.9950) 0.9400) 0.8950} 0.8610 0.8320] 0.7940) 0.7590} 0.7380) 0.7320 0.7360 0.7740 
Bending 

moment, : 

ft-tons —5.4450/23.3100} 25.0560} 21.9870) —25.9380)11.1240/30.4020| 33.3630] 22.4370) —2.7450| —35,1000 
Shear, 11.3850 15.2310 15.0000 

tons 4.3500) —2.2770| —9.2460 9.4650} 3.9120) —1.6290| —6.7980| —12.2970 

—3.6150 ; —14.7690 —15.0000 


a statical load system, but for a beam subjected to rolling loads the answer 

_ is difficult. Regarding computations, it is regretted that some arithmetical 
errors crept into the values of pressure, moments, and shears in the example. 
These should now check with Mr. Gedizli’s values. The corrected table is 
given as Table E. 


The tables may be used for all cases. When there is any discontinuity 
in sign of subgrade reactions, the length of the beam is to be adjusted ac- 
cordingly. This is analogous to continuous beam problems. 

Dr. Reti’s observations with respect to drawing influence lines is aptly 
realized by the author. In this connection he is of the opinion that pro- 
vision of ordinates for curves lends a better and more correct picture. The 
author had in mind, while preparing this paper, the useful tables for con- 
tinuous beams by Griot. As suggested, the values of pressures, bending 
moments, and shears have been rechecked and these are now in order and 
satisfy the observations of Dr. Reti.. It is mentioned here that the problem 
was inserted to illustrate the use of the tables only and the results were ob- 
tained from a designer’s point of view. It is agreed that subgrade modulus 
K considered as a constant may not give a correct picture of foundation be- 
havior, but as a ready tool for mathematical computations, the tables should 
prove extremely useful. 

Mr. Reddy is too critical in his comments. Hetényi definitely has solved 
the problem, but his solutions are too difficult to apply in the case of a moving 
load. The problem originated in designing a raft foundation carrying an 
underground railway and it was impossible to find positions for the worst 
loading for design. Hence these influence lines were worked out. Reduction 
of the number of equations to only 3 X 10 is not correct. For a finite beam, 
half of the beam, i.e., 10 points, has to be loaded to get the true picture, or 
with Maxwell’s reciprocal theorem applied each time the equation would 
reduce by 1 until finally the number vanishes. This would give an A.P. starting 
from 20 reducing to 0. With 10 different values of m the total number of 


equations would be 5760. Whatever may be the method, the influence lines 


are there and let them stay. The corrected values of pressure, moment, and 
shear distribution would dispel other doubts of Mr. Reddy. The new value — 


EB  of upward pressure works out to 124 tons instead of 134 tons, showing therein 


ey that the deviation is well within 4 percent. © 
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Mr. Sawyer must have applied the check both to interpolated and actually 
worked out figures. This will account for the discrepancy while applying 
Maxwell’s reciprocal law. Regarding the shifting of the decimal point as 
suggested for area, values for ordinates for m = 0.001 may be compared with 
those for m = 0.0001. This will at once suggest that the area appearing 
in the column is in order. Thanks are due to Mr. Sawyer for checking the 
areas, where cases for m having values of 0.001, 0.01, 0.1, 0.2, and 0.4 are in 
complete accord with calculated values. Interpolated values for m have 
shown variations in areas. Interpolations have been done on a linear basis 
as mentioned in the body of the text; the errors are definitely due to this. 
The above statement will satisfy Mr. Sawyer’s other points. Regarding the 
experiment, this was part of finding out stresses in a spread foundation, 
only the deflection value had been checked. There seems nothing to elaborate. 
It is regretted that the shape of the shear diagram as plotted was not in order 
although values were correct. Finally, as observed by Mr. Sawyer, with all 
the uncertainties of actual conditions, the tables presented will provide for 
at least the nature of the flexural profile and near possible design values for 
the designer, particularly when confronted with the cases of rolling loads. 
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Disc. 55-48 


Discussion of a paper by A. M. Haas: 


Concrete Space Structures 
—Relation Between Form and Structurol Design’ 


By J. J. POLIVKA and AUTHOR 
By J. J. POLIVKAt+ 


The article is of great interest to engineers and architects and presents a 
good review of modern reinforced concrete space structures. This type of 
construction is now in general use, especially for long-span structures, and 
is outstanding not only for its beauty but also for economy. The author de- 
scribes some typical applications, but excludes types which are not yet in 
general use in the United States, especially space structures in ‘‘glass-concrete.”” 
The combination of three modern structural materials—concrete, steel, and 
glass—has proved to be efficient for shell and dome roofs in which daylight 
illumination is of great importance and many European structures demon- 
strate this. 

The writer has been interested in this type for many years, and some of his 
structures have been described elsewheret—most of them in his French book 
Le Béton Translucide which is devoted also to their structural analysis and 
testing. 

The writer believes that 
it would be of interest to 
illustrate some of his struc- 


Fig. A is an interior view 
of a 50-ft diameter glass- 
concrete dome over the 
exhibit hall of a pavilion at 
the 1957 Paris World’s 
Fair. The over-all thick- 
ness of this shell dome is 
314 in. and it rises only 4 ft. 
Fig. B is the interior view 
of the elliptic dome of the 
Sports Theater in Berlin. 


53 , V. 30, No. 7, Jan. 1959 (Proceedings V. 55), p. 749. Disc. 55-48 is a part of copyrighted JoURNAL 
OF ey ee eget Concrete Institute, V. 31, No. 3, Sept. 1959, Part 2 (Proceedings V. 55). 
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Fig. A—Exhibit hall in Paris 
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Fig. B—Elliptic dome for sports theater in 
Berlin with a translucent dome (above) 


Fig. C—The Corn Exchange Building in 
Rotterdam (left) 


Erected for the Olympic games in 
1936, it has a maximum span of 46 ft 
and a gallery sidewalk around its pe- 
riphery. 

The Corn Exchange Building in 
Rotterdam (Fig. C) has several shell 
roofs in glass-concrete, the largest one 
covers 60,000 sq ft of the assembly and 
trading hall. Here precast shell 
panels in glass-concrete were used. 


AUTHOR'S CLOSURE 


In his discussion, Dr. Polivka points to a type of space structure which 
has not been included in the article, viz. the combination of reinforced con- 
crete and glass. He even goes as far as classifying glass as a structural ma- 
terial. Although essentially he is right, the examples mentioned refer to 
small spans only, and show that glass behaves well under compression. As 
we have a fair knowledge of the proportions of glass, it may be a matter of 
reasoning and research to find out its behavior under tensile forces. 

The article is indeed rather short and presents only an abbreviation of 


what, in my lectures at various universities, could be exposed more exten- 
sively. 


Disc. 55-49 


Discussion of a paper by Edward A. Abdun-Nur and Lewis H. Tuthill: 
Critera for Modern Specifications and Control” 
By BAILEY TREMPER and AUTHORS 


By BAILEY TREMPER{ 


The authors have presented important concepts that should be applied 
in the preparation of specifications for concrete construction and the writer 
is in complete agreement with the majority of them. 

Item No. 7 of the criteria used on the Northern Illinois Toll Highway 
appears to warrant further discussion. The statement reads: ‘‘Use end- 
product provisions that permit maximum ingenuity to be used by the con- 
tractor to attain desired results.’ In the opinion of the writer, this type 
of provision is workable only when the quality of the material or construc- 
tion can be evaluated promptly by simple tests. Unless test data are avail- 
able for rendering prompt decisions at frequent intervals as to the accept- 
ability of the work, there can be no assurance that the desired end results 
will be attained. The authors appear to have recognized this difficulty in 
their requirement for finish screening of aggregates at the batch plant. This 
provision requires that aggregates be handled by a particular method rather 
than leaving it to the contractor to produce uniform batch-to-batch grada- 
tion by whatever method he might devise. The “method” provision appears 
to be warranted in this case because of the obvious difficulty of making tests 
for grading of the batched aggregates at a pace fast enough to be of use in 
rejecting individual batches that do not conform. 

The use of a provision for maximum water-cement ratio without a mini- 
mum cement content can lead to attempts by the contractor to work close 
to the specified maximum water-cement ratio. It is difficult as a control 
measure, to determine water-cement ratio with high accuracy because of 
difficulties in measuring absorption of aggregates, sampling aggregates for 
contained moisture, and inaccuracies in weighing batched aggregates and 
cement. On many projects the work will have been completed before an 
adequate number of strength tests can be completed to establish the nec- 
essary cement factor. 

Criterion No. 19 seems to imply that it is desirable to ask for more than 
_ it is expected to receive and thus place the engineer in a good bargaining 
~ position. The relaxation of contract provisions, on projects financed by 
~ *ACI Journat, V. 30, No. 7, Jan. 1959 pPepcerdinge 3: 55), p. 759. Dise. 55-49 is a part of copyrighted JourNaL ec 
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public funds at least, can lead to serious complaints on the part of unsuc- 
cessful bidders who can justly state that their bids were conditioned on the 
expectation that the specification requirements would be enforced. 

The writer does not agree with the authors’ statement to the effect that 
once pigmented curing compounds are applied, they need no more attention. 
Curing compounds are effective only as long as they are maintained as a 
continuous intact film. If joints are sawed in pavements before the expiration 
of the specified curing period, the film of curing compound is necessarily 
broken. Abrasion by foot and other traffic is a constant source of concern and 
requires prompt remedial action if curing is to be completed as intended. 

The authors’ statements regarding the need of close coordination between 
the functions of design, construction, materials, and specification writing, are 
recognized as valid. It is also recognized that such coordination is “difficult 
to achieve in large organizations where specialization is the order of the day.” 
The writer does not agree, however, that engineering consultants can nec- 
essarily do a better job of coordination. Were a consultant to assume all 
of the engineering duties of a large highway department, he would of ne- 
cessity, need to use a large staff of engineers. If he were able to achieve 
better coordination, it would be because of greater administrative ability, 
not because he happened to be acting in a consulting capacity. 


AUTHORS’ CLOSURE 


The authors appreciate Mr. Tremper’s thoughtful discussion and _partic- 
ularly his perceptive definition of the limits of end-product provisions in 
specifications. In theory, a specification should include only end-product 
requirements and many construction administrators and specification writers 


are so bemused with this ideal that their specifications stand to lack the - 


vitality and practicality which Mr. Tremper has emphasized so well in his 
second paragraph. Aside from the specific equipment and methods which 


experience has taught must be required in effective specifications, consistent 


end-product provisions should be included to allow the contractor as much 
freedom of action as possible, but only if the results can be evaluated as Mr. 
Tremper has indicated. 

A contractor who works close to the limits permitted by specifications is 
certain to get over the line at one time or another. If he is certain that his 


work will be rejected when that occurs, he will see to it that he gives himself 3 


a safe margin and will control his operations in such a manner that he will 
stay within the specified limits. This holds true for a maximum slump re- 
quirement as well as for any other requirements. It is simply a question of 
whether a specification is going to be enforced. 


Most specifications have maximum slump requirements which inspectors — 


endeavor to follow but which are often, and sometimes flagrantly, exceeded. 
On this basis the contractor has no interest in compliance and provides no 
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assistance in controlling concrete production. On the other hand, with a 


& 
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firm policy of enforcement at reasonable limits, the entire potential of the 
-contractor’s forces become concerned with all factors causing variable and 
excessive slump. 


As an example, a project under supervision of one of the authors, has a 
positive ‘“dumping” limit on maximum slump at a practical level above the 
slump desired. Accordingly, the amount of water added is left entirely to 
the contractor—he knowing that whenever that maximum slump is exceeded, 
the concrete will be rejected. The contractor is careful with his water addi- 
tions, and there is no problem in maintaining slump well within the range 
desired. 

It was not intended that Criterion No. 19 imply that it is desirable to 
specify more than it is expected to receive or require. The intent is to place 
the job in a good bargaining position, not to give anything away. Usually 
on the job there is something worthwhile that can be obtained for any per- 
missible concession that may develop, but standards can rarely be raised 
after the contract is signed, except at inordinate extra expense. 

As to the use of curing compounds, it goes without saying that some sur- 
_ veillance is needed to make sure that the completed compound film is not 
impaired during the curing period. This, however, is a simple matter since 
an inspector walking or driving by can see at a glance any bare spots and 
require that they be repaired at once. This is in contrast to other curing 
methods which require the continuous presence of an inspector to assure 

proper curing. 

It was not the intent of the authors to suggest that consultants should 
‘assume or coordinate functions of highway departments as may have been 
inferred, but rather to suggest that in many cases they might well comple- 
ment departmental work by interjecting a fresh viewpoint, uninhibited by 
- departmental administrative problems. 

- The authors wish to thank Mr. Tremper for his thorough discussion as it 
has helped to elaborate features that may not have been made clear in an 
attempt to keep the paper within editorial space requirements. 


Disc. 55-50 


Discussion of a paper by Raymond J. Schutz: 


Setting Time of Concrete Controlled 
by the Use of Admixtures» 


By M. SCHUPACK{ 


Referring to the last paragraph on p. 779, it is stated that for cast-in- 
place bridges, the concrete used in the girders can be retarded sufficiently 
so that the concrete in the girders remains plastic until the slab is cast thus 
eliminating the cold joints between the girder and the slab. 

The two bridges referred to, the Gorgas Lane and Wolcott Ave. bridges, _ 
both consisting of 120-ft spans, were cast-in-place on limber steel truss false- 
work as shown in Fig. A and B. To avoid cracking of successive lifts of con- 
erete, due to the considerable progressive deflections of the steel truss false- 
work, it was essential that a retarder be used. The retarder had to assure 
that the concrete, particularly in the lower portion of the girders, remained 
plastic until the slab was placed. This meant that upward of 8 to 10 hr of 
retardation was needed to avoid cracks in the web of the post-tensioned 
bridge. A post-tensioned structure is much more sensitive to cracking since 
there is practically no effective reinforcing steel in the lower portions of the 
members in the construction stage before prestressing. 

In our experience in casting over 40 individual spans for several bridges 
of the 120-ft span range, we have experienced a minimum of vertical crack- 
ing of the webs. The cracks that developed have been indentified, generally, 
with shrinkage and have completely closed up after post-stressing. 
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Fig. A (left)—Gorgas Lane Bridge, Philadelphia, showing the steel falsework truss. 
_— Fig. B (right)—Wolcott Ave. Bridge, Hartford, Conn., consisting of 120-ft self-centering 
steel truss falsework spans 


*ACI JouRNAL, V. 30, No. 7, Jan. 1959 (Proceedings V. 55), p. 769. Disc. 55-50 is a part of copyrighted JouRNAL — 
OF ae, Amurican Concrete Institute, V. 31, No. 3, Sept. 1959, Part 2 (Proceedings V.55). 
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We have found that we could not determine the amount of retarder to use 
only on the basis of temperature as is recommended by various vendors. As 
stated in this paper, there are many conditions affecting retardation. Based 
on our experience, we feel that the specification calling for retardation of con- 
crete set should specify the number of hours of retardation required. To 
determine the quantity of retarder admixture to use, a test should be made 
using the particular materials to be used on the job, with due consideration 
being given to temperature and general weather conditions. 

The other advantage that we have found with the use of retarders was the 
considerable amount of water reduction. For cast-in-place bridges, we prefer 
a slump in the range of 2 to 4 in. Using an 8-sack mix with about 30 gal. of 
water, this slump can be easily attained. In fact, in starting a 260-cu yd, 
8-hr placement, at 6 or 7 in the morning, the slump may be as much as 5 or 6 
in. with a low w/c ratio. This is particularly desirable for good concrete 
_ placing where the tendons are closely spaced at the lower portion of the girders. 

We would appreciate hearing other engineers experience with retarders 
so that one could better predict admixture requirements for various condi- 
tions. 


eS ee 


1958. 
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Discussion of a paper by Norman W. Hanson and Paul H. Kaar: 


Flexural Bond Tests of Pretensioned 
Prestressed Beams 


By GEORGE A. DINSMORE, GENE M. NORDBY, and AUTHORS 
By GEORGE A. DINSMORE+ 


The authors have contributed an extensive and valuable body of data on 
the bond phenomenon. It is unfortunate, however, that they did not make 
available detailed information on the cracking of specimens, for, in the writer’s 
opinion, anchorage is utterly dependent on the location and extent of cracks 
at ultimate load. 

The authors contend that the embedment length should be defined as the 
distance from the end of the member to the section of maximum moment for 
all cases. This does not appear realistic. Let us consider the action of under- 
reinforced beams as ultimate load is approached. A crack pattern has de- 
veloped falling into one of the classifications shown in Fig. A. 


a. Case of a single flecural crack—At the failure of the beam the strand force at 
the cracked section is the ultimate capacity of the strand and the embedment length 
conforms to the authors’ definition. 

b. Case of inclined crack emanating from bottom fiber—At beam failure the strand is 
likely to be stressed to its ultimate at the point where the crack crosses the level of the 
strand. The embedment length for this case can be no greater than the distance from 
that section to the end of the member. Over this length sufficient bond must be de- 
veloped to withstand the full strength of the strand if slip is to be prevented. It is note- 
worthy that the formation of inclined cracks is not dependent on a prior slip of strand.t 

¢. Case of extensive flecural cracking—As ultimate load is approached the strand 
yields at the crack closest to the section of maximum moment. As additional moment 
is applied, the strand tension and resisting compressive force remain essentially constant, 
but the compressive force shifts upward increasing the internal moment arm. fimul- 
taneously the increased moment causes the steel at. adjacent cracks to yield and the 
process is repeated until final collapse. For this case, then, it would seem only prudent 
to assume the strand to be stressed to its ultimate at the section where the outermost 
erack crosses the strand and to define the embedment length as the distance from that 
point to the end of the member. 


From the foregoing it is seen that two factors must be established if strand 
slip is to be prevented: (a) the embedment length required to develop the 
full strength of the strand or “ultimate anchorage length,” and (b) the effec- 
tive embedment as determined by the location of the outermost crack. 


*ACI JournaL, V. 30, No. 7, Jan. 1959 (Proceedings V. 55), p. 783. Dise.55-51 is a part of copyrighted JouRNAL 
or THE AMERICAN CONCRETE Institute, V. 31, No. 3, Sept. 1959, Part 2 (Proceedings V. 55). : ; 
+Member American Concrete Institute, Assistant Professor of Civil Engineering, Lehigh University, Bethlehem, 
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The authors determine the 

“critical’”” embedment length from 

the intersection of two theoretical 

Le | curves in Fig. 5. Both of these curves 

ignore the effect of cracking. This 

4) Single Flexural Crack critical length is the distance from the 

section of maximum moment to the 

end of the member required to develop 

the strand ultimate at that section. 

For 4-in. strand this length is given 

| Le | as 70 in., for 54-in. strand as 106 in., 

and for -in. strand as 134 in. If 

b) Inclined crack these conclusions were valid, we 

would expect any underreinforced 

beam reinforced with 5-in. strand 

and less than 18 ft long‘to exhibit 

anchorage slip prior to failure even if 

| Le only a single crack developed and that 

at the center line. This is quite con- 

trary to results observed in many 

Fig. A—Classification of crack patterns beam tests.* Strain data for pre- 

stressed pull-out specimens tested at 

Lehigh* have shown that in less than 3 ft to either side of such a crack %¢-in. 

strand is fully anchored, provided that this distance does not encroach upon 
the transfer zone. 

Thirty-four pullout specimens were tested. Columns, 4x4 in., were cast 
around a single pretensioned strand with one end of the column snug against 
a fixed bulkhead as shown diagramatically in Fig. B. After sudden release by 
burning, or gradual release by easing off on jacks at the release end, the column 
simulated the end block of a cracked beam. In all cases bonded lengths in 
excess of 48 in. developed the full tensile strength of the strand. This was 
also true of specimens containing strands not pretensioned. From these 
direct observations one concludes that an 8-ft beam reinforced with 7¢-in. 
strands will not show bond failure if cracking is limited to a single crack at 
center line. 


The results of the pull-out tests were further confirmed by a study of four 


c) Extensive Flexural Cracking 


special beams in which bond was deliberately prohibited in the interior of 


the members. Bonded anchorage lengths of 48, 42, 32, and 30 in. were pro- 
vided at the ends. The beam with 30 in. anchorage developed a strand force 
of 93 percent of rated ultimate at beam failure and showed no slip whatsoever. 
The specimens with 32 and 42 in. embedments showed trivial slip (0.003 in.) 
up to 90 percent of beam ultimate and then general slip, a continual pulling 


* in of the strand at constant rate as the load increased. The final failure loads 


exceeded the computed ultimate and the strand force at failure, as determined 


*Dinsmore, G. A.; Deutsch, P. L.; and Montemayor, J. L., ‘““Anch d Bond in Pretensi tressed 
Concrete Members," Fritz Laboratory Report No. 293.19, Lehigh University, D Dec. 1958. icon EN 
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by strain gages, exceeded the rated strength of the strand. The specimen 
with 48 in. anchorage experienced a trivial slip of 0.0003 in. near ultimate 
load. The measured strand force in this case was the rated ultimate at beam 
fauure. For a number of reasons developed in the report by Dinsmore, 
Deutsch, and Montemayor, these beam and pull-out tests are conservative 
with respect to the conditions obtaining in fully bonded flexural members. 

The above evidence substantiates the writer’s contention that the re- 
quired ultimate anchorage length should be determined by test for each 
strand size (48 in. for %-in. strand) and written into the specifications. The 
embedment length for a given member would then be required to exceed 
that value. 


To find a practical means of determining embedment length, the literature 
was combed for tests of prestressed beams in which cracking patterns were 
reported. A total of 50 such tests were studied. All of the beams were rein- 
forced by pretensioned strands of various sizes and included a wide variety 
of lengths, cross sections, loadings, and percentages of reinforcement. It 
was found that in no case had the outermost crack* developed outside a 
region subjected to a moment greater 
than 1/1.6 times the ultimate mo- 
ment. Hence, for practical purposes, 
the location of the outermost crack is 
readily predicted. The applied load 
diagram} or curve of maximum mo- 
ments is sketched. with maximum 
ordinate taken as 1.6. The intercepts 
of this curve with a level line at ordi- 
nate 1.0 conservatively locates the 
outermost cracks. The available em- 

’ bedment is then evaluated. If this 
exceeds the ultimate anchorage length 
for the particular strand, the member 
is safe in bond. 

A few additional points should be 
mentioned. The writer has concluded 
from his experience with bond tests 
that one of the most important factors 
in obtaining good bonding action is 


~~ which anchorage 


adequate vibration of the mix in the 
anchorage zone. In one series of 
tests the mix was deliberately over- 
vibrated. The ultimate anchorage 
length was found to be a minimum 
for those specimens. 


*Crack originating at bottom fiber. Beams with inclin 
+Dead weight of member may usually be neglected st 
bond may be an important consideration. 


Fig. B—Bond pull-in tests 


Step 1—Strand is prestressed between fixed cross- 
head A and movable cross-head B 

Step 2—Concrete is cast around the pretensioned 
strand, against fixed cross-head C 

Step 3—Strand is cut at end A, cross-head B is- 
jacked away from fixed cross-head C 


ed cracks initiated in web were excluded from the analysis, 
nee it is relatively insignificant for the short members in 


By: —_ 
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The pull-out tests indicated no significant increase in transfer length with 
time. This is doubtless the result of the mechanical gripping action of strands. 
It is generally accepted that this is not the case with smooth wires. 

No consequential difference in performance was found in the pull-out tests 
between specimens with strand released suddenly and those gradually re- 
leased. The strain distribution in the concrete as measured by strain gages 
on the surface was essentially the same in both cases. 

The writer agrees with the authors that dynamic tests should be made, 
but is convinced that these will be significant only if conducted at loads in 
excess of those required to develop the outermost flexural cracks. 


By GENE M. NORDBY* 


The authors are to be congratulated on clarifying the nature of bond in 
strand pretensioned prestressed beams. This writer has warned engineers 
both formally’? and orally for sometime that the slip of strand sometimes 
limited the usefulness of this prestressing medium. Immediately after the 
introduction of strand, designers treated it as a palliative for all the short- 
comings of bonded prestressing. The writer does not wish to detract from 
the usefulness of the seven-wire strand, but only encourage engineers into 
seeing their materials in the proper perspective. The measurements of bond 
failure recorded by Nordby and Venuti’ were often treated with scepticism — 
because of their limited nature. The writer is grateful to Messrs. Hansen and 
Kaar for verifying the writer’s idea of specifying “an embedment between 
the end of the beam and possible crack locations coupled with an allowable 
stress increase in the prestressing strand and the ultimate concrete strength.” 
Entirely too much emphasis has been placed on the prestress transfer length 
L;. This length is not directly related to the stress which may be developed 
in the strand before slip or bond failure. 

The writer predicts that the ideas presented by the authors, Janney,® 
and the writer will have considerable influence on conventionally reinforced 
concrete. Of course, this will not be the first time that the recent intensive 


_ research in prestressed concrete has shed light on old problems. It has always 


baffled the writer why the so called Janney wave theory of bond has lain 


dormant for so many years. Actually, the theory is not a new one since 
Dunagen and Ernst,'° and later Gilkey, Chamberlin, and Beal,!! presented | 


this concept some years ago. 
The tests by the latter group were particularly significant. As part of 


their extensive bond tests, there was a series of pull-out specimens in which 


high strength alloy bars (smooth) were used. The length of the specimens 
varied from 3 to 24 in. and were 4x 4 in, in cross section. The bars were 14 


and 14 in. in diameter. From these results, it was possible to construct curves 


similar to the authors’ Fig. 5 and the writer’s Fig. 17 (Reference 7). Gilkey, 


c- et _al., even made a prognostication as to the shape of the wave and how it 


“7 
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progressed down the bar as the tension was increased. They stated ‘‘the 
region of maximum intensity of bond stress moves away from the loaded 
end as the pull increases. Between the loaded end and the region of maxi- 
mum bond stress there is a somewhat uniform frictional drag resistance of 
ereatly reduced intensity.’’ The described paper is a classic work worth 
reviewing by all designers as well as researchers even though it is almost 20 
years old. 

Another interesting and extensive investigation on the bond of seven- 
wire strand was carried out at the University of Virginia.!? The tests were 
too long to summarize here. It might suffice to say that the investigator 
invented an ingeneous method of making a prestressed pull-out specimen 
which nearly duplicates the action which happens in a beam. The results 
check the work of Messrs. Hanson and Kaar also, as far as the writer can 
determine. 

The writer would further like to speculate on the nature of the bond failure 
and compare it with other phenomena in the science of the strength of ma- 
terials. In doing so, the writer is trying to draw together some of the com- 
ments of the authors, the Gilkey theory, and some of his own ideas. Consider 
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the uncracked end of a prestressed beam shown in Fig. C(a). Before loading, 
the curve of anchorage bond may be represented by the curve in Fig. C(b). 


The curve has been represented by the various similar theories of Janney, 


Guyon, and some German investigators. Most of the anchorage occurs in 
a short distance L, although the bond stress is present at a low level to the 
center line of the beam. 

After loading and development of the first crack the ‘‘wave” of failure 
commences. The writer thinks the wave is quite narrow and maybe does not 
exceed a few inches in width, but reaches bond stresses of a great magnitude 
(maybe several thousand psi). This is borne out by the writer’s embedment 
length versus average bond curves in which for 9 in. embedments average 
bond stresses approached 1000 psi.’ The action may be compared with the 
stress at the end of a crack with tension across the crack in which the theo- 
retical infinite stress is modified to finite values by the plastic action of the 
material. The action might be also compared to the action of threads of a 
screw. As shown in photoelastic studies, the first few threads take the ma- 
jority of the tension load on the bolt. The tension on a deformed reinforcing 
rod might have a similar action on the first lugs near the crack. The smooth 
bar and the deformed bar may, in addition, be similar in nature since the 
smooth bar is really a deformed bar in which the lug height is approaching 
zero. 


Returning to the diagram, as the “wave” moves down the bar, the friction 


bond shown in Fig. C(d) takes hold adding some resistance to the pull-out 
force. As the wave moves further, it reaches some optimum point indicated 
by the dotted line in Fig. C(d). At this point the area under the curve be- 
comes a maximum and the maximum stress is developed in the strand. As 
tension is increased in the strand, rapid failure and slip occurs resulting in a 
different bond curve made up of friction and wedging action of the helical 
strand as shown in Fig. C(e). The area under the curve in Fig. C(e) is not 


as great as that in the optimum curve in Fig. C(d) as is borne out by the drop 


in the developed stress at final failure of the beam. Of course, if the embed- 
ment length is great enough, the wave only partly develops or may stop at 


any point of progression. The only criterion would be that the area under the 


curve be equal to the tension in the strand. It is seen that the Gilkey theory 
is merely superimposed on the Janney anchorage theory. 

Because of the complex nature of the failure process, it is impossible to 
describe it by an equation. For this reason the writer is in disagreement 
with the method of calculation proposed by the authors in the appendix. 


E. It seems that the calculation for ua’ is no better an approximation than that 
_ given by Eq, (10) or (11). It has always been a considerable challenge to the 


writer to develop instrumentation to record the shape of the bond curve. 


_ At present, the x-ray method of Evans'* probably offers the most promise. 
_ Although some may feel that such an investigation is unduly academic and 
impractical, it is through such basic research which results in a real under- 
| . standing of the phenomenon that a solution to the problem lies. 
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Along a different line of thought, it might be pointed out that slip of strand 
is undesirable from another point of view, even though the helical shape 
anchors the strand for a considerable period of loading after slip. Even 
small slips result in development and penetration of shear cracks. Often- 
times, this has resulted in bond failure being reported as shear or shear- 
moment failures. Once a slip has occurred, the mechanical shortage is not 
sufficient to endure until a normal flexure failure occurs. This is, of course, 
evident from the authors’ tests. 


In regard to the authors’ statement about dynamic loading affecting the 
mechanical anchorage of the strand, the writer would like to point out the 
tests which have already been carried out by Nordby and Venuti.’ In these 
tests dynamic loads well above the cracking point were repeated over a million 
times on beams with embedment lengths as low as 3 ft. To quote the paper 
directly: “In cases where slip was evident due to excessive static loads such 
slip did not progress significantly in 1,000,000 cycles when fatigue tests were 
continued.” The data showed that the ultimate strength was not depreciated 
below the state the beam was in at the time it was subjected to the fatigue 
loading. More tests are needed, however, to completely verify this con- 
clusion. 
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AUTHORS’ CLOSURE 


Dr. Nordby has well illustrated the origins and again reviewed the mech- 


— anism of the bond wave theory. It is always interesting to observe how much 


new applications in engineering depend on principles long ago established. 5 
The aim of the authors was to apply the bond wave theory to pretensioned 


4 prestressed concrete and to produce some workable : guiding criteria which 


can be used in structural engineering design. 
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The only point of disagreement between Dr. Nordby and the authors 
seems to be the significance of the calculation for u,.’, the average bond stress 
between the end of the prestress transfer zone and a section of maximum 
strand stress. The purpose of the expression for Uq’ given by Eq. (Al) is 
to provide an average bond value exclusive of the bond value over the transfer 
length. The authors’ intention was to contribute this expression and Fig. 
A-1 toward better clarification of the bond picture, and to help distinguish 
flexural from transfer bond stress. 
In reference to the discussion by Mr. Dinsmore concerning pull-out tests 
and beams which are partly bonded, the following comments are offered. 
The tests reported in our paper were of normal beams with normal percent- 
ages of reinforcement. No effort was made to simplify the beams so that 
analysis would be easier, because this might obscure the applicability of the 
test data. The disagreement between these normal flexural tests and Mr. Dins- 
more’s tests may lead to the conclusion that the development of bond stress 
in the pull-out and the modified beam tests is not the same as in a normal 
beam with pretensioned bonded strand. However, there may also have 
been a difference in the surface characteristics of the strand used in the two 
investigations. 
A considerable part of Mr. Dinsmore’s discussion centers about his assump- 
' tion that, for an underreinforced beam, the steel at the location of a crack 
e is stressed to or above the yield point, regardless of the location of the crack, : 
____when ultimate load is approached. The authors are not aware of any sound 
‘ theoretical or experimental basis for such a general assumption. f 
During a test to ultimate strength of a prismatic beam, the initial crack ' 
will occur at the location of maximum moment. If the beam is of the end- 
anchored, unbonded, prestressed type, no additional cracks are apt to occur 
as loading continues; the initial crack will merely become more severe. If 
the beam is of the bonded pretensioned prestressed type, the initial crack 
will again occur at the point of maximum moment. When loading progresses, 
additional cracks on either side of this initial crack will form as bond stress 
develops, acting predominately in a direction toward the maximum moment 
section. Hence, the maximum strand stress exists at a section of maximum — 
moment. The stress at other cracked sections equals the maximum strand 
stress minus the bond forces. However, for beams with variable depth, — 
auxiliary longitudinal reinforcement or heavy concentrated loads near sup- 
ports, high steel stress may develop closer to supports than the section of 
maximum moment. It must then be checked, by Table 4 or Fig. 6 of the 
paper, that such high steel stress can, in fact, be developed without slip over — 
the available anchorage length. 


oe For practical design purposes, it is important to note that the ultimate 
oa anchorage lengths obtained in the authors’ tests are greater than those found 
Ay by Mr. Dinsmore. Hence, the design procedure presented by the authors is 
_ generally conservative as compared to Mr. Dinsmore’s findings. _ 
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Discussion of a report by Subcommittee VI, ACI Committee 325: 
Prestressed Pavement—A World View of Its Status 


By THOMAS CHOLNOkY, L. COFF, 
JOHN J. MURRAY and JOHN E. HEINZERLING, and H. KENT PRESTON 


By THOMAS CHOLNOKY}+ 


The development of prestressed concrete pavements during the last two 
decades has lead to some generally accepted conclusions. Design practices 
rather than design theories have been adopted and various construction 
techniques have been tried. The ground work has been completed. There 
is need at this time to review the past and to consider the future possibilities. 

The report on prestressed pavements by Subcommittee VI, ACI Committee 
325, is of great value in the first respect. 

In discussing the future possibilities of prestressed concrete pavements, 
one should differentiate between airfield and highway pavements. The 
conditions of design, the possible savings in construction cost, and practical 
difficulties are quite different for these two applications. 

It is not without reason that the largest number of major experimental 
prestressed pavements and also some full scale installations were built in 
view of or for airfield use. The reasons are obvious. The loading conditions 
in airfield pavements seem to suit the characteristics of prestressed concrete 
better. The magnitude of loads and their position in the interior of the 

pavement slab seem to utilize the advantages offered by prestressing more 
advantageously than loads applied on highway pavements. Furthermore, 
prestressing leads to considerable reduction of airfield pavement thicknesses 
whereas comparable reduction in highway pavements are not possible since 
they are already relatively thin. Construction problems and complicated 
details are less in airfield pavements where grades are generally small and 
without horizontal curves, and where there are few intersections or widen- 
“ings. 
The superior load bearing capacity of prestressed concrete has been proved 


repeatedly, unfortunately without sufficient conclusions as far as ultimate. 


loads and safety is concerned. There is need to determine the minimum 
concrete thickness and amount of prestressing for given loads and variable 
base conditions. It is generally accepted that prestressed concrete pave- 
ments carry loads safely and with greater deflections than conventional 


J *ACI Journat, V. 30, No. 8, Feb. 1959 (Proceedings V. 55), p. 829. Disc. 55-53 is a part of copyrighted JouRNAL 
‘OF THE Heranicu Concrete Institute, V. 31, No. 3, Sept. 1959, Part 2 (Proceedings V=-55d). 
{Member American Concrete Institute, Vice-President, Sinjon, Inc., Greenwich, Conn. 
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pavements. The problem of allowable deflections in the base should there- 
fore be re-examined to utilize the greater flexibility of prestressed concrete 
pavements. 

Overlay pavements call for special consideration and may offer a good 
possibility of the application of prestressed concrete. 

The two-way prestressing for airfield pavements seems to be necessary 
to secure uniform characteristics in the concrete sections. Highway pave- 
ments, however, do not seem to need prestressing in the transverse direc- 
tion primarily because of the stresses created by the governing edge loading 
conditions. ; 

The necessary amount of prestressing will be governed primarily by economy. 
The minimum amount to overcome friction plus 100 psi should give a sufficient 
strength to the pavement section to utilize the advantages of prestressing. 
The means of prestressing, the timing of its application, the location of the 
prestressing elements or tendons, if used, and the efficiency by which pre- 
stressing is developed in the pavement sections should be further studied and 
developed. 

The full advantage of prestressed concrete sections cannot be utilized 
unless they are able to develop plastic hinges. Under extreme conditions 
such plastic hinges cannot develop when prestressing is applied by external 
means such as jacks. Therefore, the use of internal elements such as strands 
and wires seem to offer added advantages. 

The application and distribution of prestressing forces is affected by the 
constant volumetric changes which take place in the concrete slab. It is also 
influenced greatly by the governing friction condition under the slab. Theories _ 
and methods should be found whereby prestressing can be developed under — 


the most favorable conditions and with minimum losses. 


The future of prestressed concrete pavements depends not only on the ~ 
findings of further research and development of applicable theories—its 
good qualities have been already proved—but also on its cost. ‘‘Prestressed 
pavement is not yet competitive from a cost stand point with conventional — 
pavements . .. ”’ It will become so if contractors are given the chance to — 
gain experience and perfect their techniques in conjunction with the develop- 
ment of improved designs and construction methods. . 


By L. COFF* 


The report of the subcommittee would not be complete without mention- 
ing the Chicago pavement slab of the John A. Roebling’s Sons Corp., which _ 
is one of the largest experimental slabs built in this country. The slab is 
144 ft long and 90 ft wide, and was built about 11 years ago. 

It is correct that this is neither a road nor a runway slab, and that the 
load and foundation conditions are unusual because the concentration by 
the wooden rims of the cable reels exceeds 1000 psi as against 100 psi, a well 

*Member American Concrete Institute, Consulting Engineer, New York, N. Y. 
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known figure for rubber tires. Also, the foundation is on foundry sand of 
varying depth which is not quite in line with conditions of normal roads and 
runways. However, the principles of this slab, built in cooperation with 
and tested by the late C. C. Sunderland, chief bridge engineer of John A. 
Roebling’s Sons Corp., were filed to patent in 1947 and granted to the writer 
in 1952. The design contains certain features for reducing subgrade friction 
on a jointless area of 14,000 sq ft, i.e., much larger than any of the domestic 
tests mentioned in the report. 


The appended bibliography is so complete and in detail that a further 
description should not be required. 
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By JOHN J. MURRAY* and JOHN E. HEINZERLING{ 


The subcommittee is to be complimented on its excellent and factual re- 
porting of the work which has been done in the field of prestressed concrete 
pavement. This serves the useful purpose of informing the profession and 
should further encourage the continuation of the development into more 
advanced phases. 

The subcommittee is also to be complimented on its brief, but pertinent 
analysis of the advantages of the prestressing method of pavement construc- 
tion. Prestressed concrete offers to the engineer the tool needed to solve the 
“joint”? problem. It has been recognized that the joint must inevitably be 
the weak point of any concrete pavement and must be the focus of eventual 
failure, however long delayed by refinement of treatment. To supplement 
the report of the subeommittee, we would like to offer the following additional _ 
comments. 


*Member American Concrete Institute, Development Engineer, Jones & Laughlin Steel Corp., Pittsburgh, Pa. 
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The subcommittee has pointed out, in Item 10 of the summary, that the 
experimental work done so far “will stimulate and benefit other investigations 
in their search for answers to the remaining unsolved problems.” It may be 
emphasized here that in no other area of civil engineering is research better 
justified. This is because of the standardization of pavement sections used. 
Refinements become more essential and mistakes more costly because of re- 
peated use of a developed design. 

There is little question that prestressed concrete pavement has been demon- 
strated to have qualities superior to our present designs. Because of this it 
appears logical that refinement of design should tend toward prestressed 
concrete, The development of prestressed concrete pavement has reached 
the point where the construction should be carried into experimental traffic 


‘strips where its action under actual traffic, in various climates and various 


weather conditions, can be evaluated and compared with conventional pave- 
ment. 

With reference to the design of a prestressed concrete traffic test pavement, 
we note that the subcommittee comments under ‘Design Practices,” p. 830, 
that: ‘Design methods to date have been somewhat empirical,” and further, 
“slab thicknesses have been selected rather than designed...” Although 
these are incontrovertible statements of fact, they are hardly to be considered 
departures from current practice in pavement design. : 

Actually all pavement slabs have been developed by field trials. It is true 
that analytic methods have been used to explain the action of pavement 
slabs and much good has come out of this work. However, the lack of a 
positive method of analysis to evaluate the many independent variables of 
subgrade condition, climate, season, thermal change rate, moisture gradient, 
ete., should not discourage the practical trial of prestressed concrete pave- 
ment by as wide a group of state highway departments as possible. 

We are looking forward to this subcommittee continuing its good work by 
encouraging the initiation of test programs by highway departments sup- 
ported by the Bureau of Public Roads. 


By H. KENT PRESTON* 


The paper gives an excellent coverage of the present status of prestressed. 


concrete pavements. 


The first sentence under the heading “Choice of Methods of Prestressing,”’ 
p. 833, reads: “There are two general methods of inducing the necessary 
initial compressive stress in the concrete of pavement slabs: post-tensioned 
steel cables, and jacks reacting against abutments of some description.” 
This statement is correct in a report dealing only with pavements that have 
already been built. However, such a comprehensive report seems incom- 


plete without some mention of the pretensioned method which has recently 


received considerable study and offers definite advantages in many cases. 


ee 
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The tensioning elements for a pretensioned pavement would be seven-wire, 
uncoated, stress-relieved prestressed concrete strands manufactured in ac- 
cordance with ASTM A 416-57T. Long straight pavements are best adapted 
to the use of pretensioned strands. Briefly, the erection procedure is as 
follows: 


1. Build abutments or drive piles at each end of the runway to serve as anchors 
for the initial tension in the strands until the concrete in the pavement has cured to 
specified strength. These abutments can easily be 12,000 to 15,000 ft apart if ne- 
cessary. 

2. Place seven-wire strands from anchor to anchor for the width of the first place- 
ment. If the pavement is to have transverse prestressing also, the transverse tendons 
will be post-tensioned. Place metal hose or other devices to make holes for the trans- 
verse tendons. Place transverse forms at expansion joints. (These joints will be 500 to 
1500 ft apart depending upon friction of slab on base and details of joints being used.) 
Tension seven-wire strands to full load and place concrete from anchor to anchor. 

3. Make second, third, etc. placements in the same manner as the first until 
the entire width has been placed. 

4. When last placement has reached required strength, place and tension transverse 
tendons. 

5. Release longitudinal seven-wire strands from anchorages and cut them at ex- 
pansion joints. 


", The pretensioned bonded method has several advantages for those pave- 
ments where details permit its use. 

A. Since the tendons are fully bonded, any damage is confined to the area 
in which it occurs. 

B. Friction between the tendons and their enclosures is completely elimi- 


nated since the tendons are in the open when they are tensioned. This is 
important, because the distance between joints is usually long, which means 


large friction losses in post-tensioned tendons. 


C. The designer has complete freedom in his choice of location for expan- 
sion. joints. He simply places forms across the width of the pavement at 
points where joints are desired. When strands are cut at the anchorages they 
are also cut at each joint. 

D. Use of seven-wire strand for the full length of the pavement reduces 
field labor for placing and tensioning to a minimum. 
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Disc. 55-55 


Discussion of a paper by Tung Au and Thomas D. Y. Fok: 


Effects of Longitudinal Forces on Portal Frame 
Supporting a Highway Bridge Deck* 


By H. S. GEDIZLI, KEITH A. KELLY, JASPER S. LICARI, ALEX McDONALD, 
DOUGLAS A. NETTLETON, and AUTHORS 


By H. S. GEDIZLI+ 


We know that®:7 in applying the Cross method to space frames attention 
must be paid to the fact that the signs of carry-over factors in bending and 
in torsion are opposite; i.e., after Grinter’s sign convention is applied to a 
prismatic member, the carry-over factor in bending is + 44 and the carry- 
over factor in torsion is — 1. 

In Table 1 of the paper all carry-over factors are considered with minus 
signs and no explanation is given. 


REFERENCES 


6. Peabody, D., Jr., The Design of Reinforced Concrete Structures, 2nd Edition, J. Wiley and 


Sons, Inc., New York, 1956, p. 414. 
7. Kupferschmid, V., Ebene und raewmliche Rahmentragwerke, Springer-Verlag, Vienna, 


1952, pp. 121-125. 
By KEITH A. KELLY? 


The authors are to be commended for developing a convenient simplifi- 


‘cation of what is normally a tedious problem in structural analysis. Un- 


fortunately they have erred in their expression for M,g. The source of this 
error may be traced to the failure of Eq. (3) to satisfy the requirements of 
static equilibrium. In its corrected form, this expression should be 


P 
M ya2 al ae ra b) — Myaz => L (Rza2) 


~ or more conveniently Mya. = — Mya. 


The corrected form of Eq. (10e) is then 


be 2L7 ST —be(c—b)| P [| LSU_|,, 
EES E +o + E+) |2 [L+e0 
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It may also be noted that, in their numerical example, the authors have com- 


puted the value of /; with respect to the wrong axis and the correct expression 
for I; should be 


1 
Ty = ae X 33 = 9.0 ft4 


Incorporation of these corrections in the numerical example will yield Mia = 
— 94.7 ft-kips, M,. = + 2.1 ft-kips, Ras = + 3.13 kips, Mig = — 75.3 
ft-kips, My, = — 12.8 ft-kips, and R.g = — 1.87 kips. 

Although the authors were undoubtedly primarily concerned with the 
solution to a problem in structural analysis, the writer believes they have 
lessened the value of their results by suggesting what is patently an improper 
application of the required loads on the portal frame. 

First of all, there can be no real quarrel with the application of a longi- 
tudinal tractive force to the structure. Moving vehicles may be subject to 
acceleration or deceleration and such change in velocity is produced by an 
unbalanced foree Ma. By d’Alembert’s principle, this unbalanced force may 
be considered to act through the center of gravity of the moving vehicle. 
Hence the requirement that the tractive force act at a distance of 4 ft above 


the bridge floor. However, it is necessary to recognize the manner in which 


this force is transmitted to supporting pier. In most bridge structures the 
spans are supported at each end by fixed or expansion bearings. While both 
types of bearings may transmit vertical forces, all longitudinal forces are 
usually considered to be resisted by the fixed bearing. However, both types 
of bearings will usually permit rotation and are therefore incapable of trans- 
mitting any longitudinal moment. Referring to Fig. A, it is apparent that 
the longitudinal force of 5 kips applied 4 ft above the roadway surface is 
equivalent to the effect of a longitudinal force of 5 kips applied at the level 
of the bearing together with a vertical force equal to 5 (10 — d)/L. If d and 
L are arbitrarily assumed to be 2.2 ft and 78 ft, respectively, the resultant 
vertical force on the pier is 0.5 kips. It is indeed a rare structure where 
such a vertical load is of any significance in comparison with the dead and 
live load reactions. However, of more pertinence to this discussion, is the 
fact that the torque on the portal cap is reduced from 50 ft-kips to 5d ft-kips. 


Based on an assumed value of d = 2.2 ft, the reactions obtained for the 


authors’ numerical example are: M,, = — 75.4 ft-kips, My, = + 1.0 ft- 
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Fig. B 


kips, R.. = + 3.22 kips, M.g = — 55.6_ft-kips, Myzg = — 11.7 ft-kips, and 
R.2 = + 1.78 kips. Comparison of these results with those previously pre- 
sented clearly indicates that much of the significance claimed by the authors 
for the effect of the tractive forces is not justified. 


Furthermore, the writer assumes that the authors, by their presentation, 
would infer that separate tractive and frictional forces could be applied to the 
portal frame and the cumulative effect of such forces be determined by super- 
position. In so doing, however, a designer overlooks the fact that, if the 
longitudinal stringers support a comparatively rigid concrete roadway slab, 
there can be no differential longitudinal movement of the stringers. Under 
these circumstances, neither transverse bending in the pier cap nor torsion 
in the columns can exist to any significant degree. The authors’ analysis is 
valid when the portal supports a two-girder system but is not applicable 
for any portal frame supporting a rigidly interconnected, multigirder system. 


However the foregoing objections do not alter the fact that the authors have 
developed a convenient tool for the structural analyst. It is noted that the 


- authors have not considered the effect of a longitudinal force applied to a 


cantilever extension of member BC. This may be solved by use of the au- 
thors’ equation for a load P applied at B (i.e., b = Oandc = L) together with 
a couple about the Y axis applied at B as shown in Fig. B. 


Using the same notation as that presented by the authors 


4 _ [Qh + 10’) 4 
Tea he Ria met | KL, M 


(h + LQ’) | + 
_L 


TSE eon 


M’ E (L + 4hQ) 


Mv = 74 6h@ | (L + 2hQ) 


+ 28 (h + 2LQ") r| 
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6h?Q 
| 48h (h + 2LQ’) + (L + 6hQ) (2h + LQ’) | 


where Y = 


For those who may be interested in numerical results, applying these equa- 
tions to the authors’ frame yields 


Ria = — Rea = + 0.0175 M’ 
Mia = — Mia = + 0.233 M’ 
Myo = + 0.528 M’ 
Mya = — 0.051 M’ 


. By JASPER S. LICARI* 


Messrs. Au and Fok are to be commended for their interest in laterally 
loaded structures as applied to highway bridges. 

The procedure presented was to have overcome mathematical complex- 
ities of the general procedure for the analysis of laterally loaded plane struc- 
tures, as presented by Baron and Michalos, of which a full treatment is 
given in the book Theory of Structural Analysis and Design by James Michalos. 

: This, however, is not in accordance with my experience with the method 


¥ 
q 
: 
i” in a simple and well-defined computational pattern. It is ideal for design 
practice; more important, the method can be applied to any shape of bent, 
‘ symmetrical or not, of prismatic or nonprismatic members. Furthermore, 
_ if formularization is desired the procedure by Baron and Michalos can readily 
___ be put in algebraic form for any specific problem. 

i The use of this method would have at least eliminated the errors in static 
2 equilibrium made by the authors in the solution of their example. 

If a statical check of M, is taken about the base of the frame it results in 


Mia + Mea = 5(34) = 170 ft-kips = (94.5 + 75.6) = 170.1 ft-kips 


_ This checks correctly. If a statical check of M, is taken about the right 
leg of the frame this results in 


Rra (24) + Mya = 5(18) — mya Req (24) — 5(18) + Mya + my, = 0 
3.07(24) + 28.5 = 5(18) — 4.7 or 73.68 — 90 + 28.5 + 4.7 = 16.88 + 0 
102.2 ¥ 85.3 


_ Therefore, we do not have statical equilibrium about a y axis. The reason 
for this unbalance of statics is likely to be found in errors made by the authors 
_ in the mathematical formulation of the equations, 
___ My experience has shown that there is no need to use elliptical approxi- 
_ mations for the torsion factors because exact factors are readily available in 
*Designer, Port of New York Authority, New York, N. Y. 
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Timoshenko’s Advanced Strength of Materials, Michalos’ Theory of Structural 
Analysis and Design, and other publications. 

An exact solution of the illustrated problem presented by the authors is 
shown in Fig. C. The method is the shear and torsion analogy by Baron and 
Michalos. A statical and geometrical check has been made of this solution. 


By ALEX McDONALD* 


This is a sharp and lucid article. In swift fashion it presents the problem 
and gives the solution using an approach understandable to all practicing 
designers. Better than the guesswork too frequently resorted to, this approach 
aids in those complicated analyses that are often shied away from. 

In the particular case of the bridge pier shown in Fig. 7, however, I believe 
the applied load is greater than necessary. It would seem that the longi- 
tudinal force should be transmitted through the bearings as a lateral force 
with no moment. While the force originates 4 ft above the floor, it has the 
effect, considering the bridge span as a whole, of increasing the vertical re- 
action at one pier and decreasing it at the other. In other words, the moment 
transmitted through the bearings in the numerical example should, in reality, 
be resisted by a vertical couple with an arm equal to the bridge span length. 

This would yield a value of 5 X 2 = 10 ft-kips to be used in Eq. (10a) 
through (10f). The final reactions at the supports are then M,, = — 74 fin 
kips; M,. = + 3.2 ft-kips, R.. = + 3.17 kips, Mz, = — 56 ft-kips, My, = 
— 27.5 ft-kips, R.q = + 1.83 kips. 

As a practical matter, maximum M, and R, are obtained with all stringers 
loaded. This usually leads to symmetrical loading, and consequently, a 
determinate structure. The other reaction, M,, must be found by moment 


distribution because a maximum reaction comes from unsymmetrical loading. . 


The value of 27.5 ft-kips causes about 35 psi torsional shear stress in the 
column. For the usual portal frame this stress, in combination with other 
shear stresses, can be tolerated without reaching critical values. 

However, the more interesting point lies in the origin and delivery to the 
frame of an unsymmetrical, longitudinal foree. While the traffic lanes can be 
loaded with an unbalance to one side, it would seem that an unfettered de- 
livery of the braking force to the stringers immediately under the traffic 
could be accomplished only if there were no diaphragms between stringers 
and if there was a longitudinal joint in the slab between stringers. This 
idealized situation, of course, does not exist. Would it be feasible to solve 
the real case by analyzing the superstructure-substructure combination 


* taking into account compatible, longitudinal strains? This article points the 


way to be followed concerning the substructure. Concerning the super- 
structure, the determination of each stringer’s contribution of resistance to 
the braking force is not without similarities to the problem of the distribution 
of bending resistance in a gridwork under the action of a point load. 


*Member American Concrete Institute, Designer, Schupack and Zollman, Stamford, Conn. 
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It is possible, here, to cut through the maze of involvement by turning 
_back again to the numerical example. If the superstructure tends to ‘‘even 
out” an eccentric, longitudinal force, there will probably be a reduction in the 
value that has been calculated. Yet the value used, gave only 35 psi tor- 
sional shear. Therefore, it seems reasonable to venture that shear stresses 
in column legs are within safe limits. 

Messrs. Au and Fok are to be thanked for the solution to this problem. 
Without the solution there is little evidence to tell just where we stand. 
And certainly this is necessary for a structure which has such wide application 
to bridge construction. 


By DOUGLAS A. NETTLETON* 


The solution proposed for this problem in highway bridge design fails to 
take into account the interaction between the bridge deck and the support- 
ing piers. In the usual highway bridge, there are two or more stringers sup- 
ported by the portal frame, and these stringers are connected to each other 
by a concrete deck and diaphragms. Any tendency of the portal frame to 
twist about a vertical axis, due to eccentricity of the longitudinal force from 
one stringer, would be largely prevented by the bridge deck acting as a stiff _ 
horizontal beam between the piers at the two ends of the span. The two 
piers would be deflected laterally in opposite directions, but their bending 
stiffness in the plane of the portal would be much greater than their torsional 
stiffness about a vertical axis. As a result, the torsional moments in the legs 
would be small and the longitudinal bending moments would be nearly equally 
divided between the legs. There would be small bending moments in the 
plane of the portal frame, due to the transverse reactions induced by the deck. 

The longitudinal force should be applied to the pier at its top and not 8 
ft above the top as is done in the author’s example. The 8-ff moment arm 
merely produces a longitudinal overturning effect on the span and results in 
vertieal reactions at each end of the span, up at one end and down at the 
other end. 

Resolution of the longitudinal foree into components, as proposed for 
skewed piers, is a simple but probably incorrect method of taking the skew 
into account. This method results in a pier displacement at right angles 
to the bridge deck, and this displacement may be resisted by the deck, par- 
ticularly in the case of a continuous bridge. 

The authors seem to confine their problem to the piers supporting ex- 
pansion bearings. Actually, the piers supporting fixed bearings are much 
more likely to receive the longitudinal force. However, if there is sufficient 
frictional existence in the expansion bearings to transmit the longitudinal 
force, there is also sufficient frictional resistance in the adjacent stringers 
on the same pier to transmit the restraining forces which largely prevent the 
twisting of the pier about a vertical axis. — 


__~  *District Bridge Engineer, Texas Highway Department, Dallas, Tex. 
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_ duced, however, the torsional effect will become more serious. 
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AUTHORS’ CLOSURE 


The authors are indebted to the discussers for their contributions which 
have materially improved and clarified several points in the paper. 

Since the paper deals primarily with the analysis of the structure, it has — 
not elaborated on the transmission and distribution of the longitudinal force 
from the superstructure. However, the numerical example which is schematic 
rather than realistic has no doubt conveyed misleading implications. Thus, — 
the amplifications on this aspect by Messrs. Kelly, McDonald, and Nettle- _ 
ton are most welcome. The authors agree that it is more realistic to apply 
the longitudinal force at the level of the bearing plus an overturning moment 
which causes a vertical force to the frame. The numerical example given — 
in the paper has exaggerated the torsional effect for bridge deck with rigidly 
interconnected floor system. 

The authors especially wish to express their sincere gratitude to Mr. Kelly 
for pointing out the omission of a term in Eq. (3) and tracing the subsequent 


error in Eq. (10e) and in the numerical example. This same error was noted 


by Mr. Licari who furnished an independent solution of the problem by the 
“shear and torsion analogy’ presented by Baron and Michalos. It is re- 
gretted that such error has been made. 

Mr. Licari also pointed out the generality and simplicity of the shear and 
torsion analogy. There is no question that it has a broader scope of appli- 
cation and the authors also find such methods useful. For this particular 
problem, however, it seems that the formulas presented in this paper involve 
less arithmetical operations. Whether this constitutes any time saving 
depends of course on the preference and experience of the designer. 

Mr. Gedizli raised the question of the sign of the carry-over factors. It isa 
matter of convention to adopt opposite signs in bending and in torsion to 
facilitate the solution of complicated problems. For this problem, a different 
sign convention has been used consistently. As to the torsion factors used in 
the equations, the authors have chosen one of the many approximate ex- 
pressions available and are equally willing to adopt the formulas from the 
sources cited by Mr. Licari. However, none of these expressions can be con- 
sidered as exact when it is applied to a reinforced concrete section. 

The extension of the method to include the effect of a longitudinal force 
applied to a cantilevered end of the pier girder by Mr. Kelly is indeed an- 
other useful addition. Mr. McDonald has kindly supplied a reasonable 
estimate of the torsional shearing stress in the column legs of the frame in 
the numerical example of the paper. If the sizes of the column legs are re- 
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In conclusion, the authors thank the discussers for their constructive 


criticisms and suggestions. 


Disc. 55-56 


Discussion of a paper by W. C. Hansen: 


Expansion and Cracking Studied in Relation to 
Aggregate and the Magnesia and Alkali Content 
of Cement” 


By BRYANT MATHER and AUTHOR 
By BRYANT MATHER+ 


Dr. Hansen’s data on the possibility of interaction of two different mech- 
anisms, alkali-aggregate reaction and delayed hydration of magnesia, both 
of which are well known as causes of internal expansion of hardened concrete, 
are valuable and useful. All of the cements studied had MgO contents below 
the 5.0 percent maximum noted in cement specifications, and no significant 
differences between the slowly cooled and rapidly cooled clinkers were de- 
tected from an examination with the petrographic microscope. It would be 
a valuable addition to the paper if Dr. Hansen could give any other informa- 
tion he may have that might bear on the question of the relative periclase 
and glass content, such as heats of solution, or x-ray diffraction data on the 
periclase contents of the slowly and quickly cooled clinkers. 


Dr. Hansen’s discussion of the mechanism of expansive reactions in the 
Kansas sand-gravel aggregate concrete is a most welcome contribution to the 
understanding of this phenomenon which heretofore has been regarded by 
many workers as inexplicable. It is particularly gratifying to observe that 


the suggested mechanism involves interaction of more than one factor. Feld® 


has observed with regard to structural success or failure that “usually it is a 
combination of conditions . . . , but not a single item by itself that can be 
picked as the sole and only cause of failure. Yet each in a way is what may 
be the responsible straw that broke the camel’s back.” 


Dr. Hansen’s experiments permit the conclusion that the two expansion- 
producing mechanisms under study can interact, and that such interaction 
could explain the expansion of the sand-gravel aggregate concrete. The au- 
thor notes that his results offer no support to the suggestion that Ca(OH). 
is a factor in the expansion of this concrete. Since Dr. Hansen’s study is | 
concerned with the influence of cement composition, he does not discuss 
the possible effects of other characteristics of the aggregate than those that 


may involve reaction with the cement. Rhoades and Mielenz’ state that the 
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granitic aggregates of the Platte, Republican, Kaw, and other rivers in Kansas 
and Nebraska, which contain high proportions of particles composed of 
single crystals of potassium feldspars, can cause rapid deterioration of con- 
crete subjected to large variations in temperature, due to the difference in 
thermal coefficient of expansion in different directions in the feldspar crystal. 
They also selected gravel particles composed of individual crystals of feld- 
spar as their illustrative example of particles having smooth, impermeable 
surface texture not conducive to good bond with cement. 

The mechanism proposed by Dr. Hansen does not explain the performance 
of two of the cements used in the McPherson, Kansas, test road.* Sections 
of the test road containing Cement H, with 0.59 percent MgO, are described 
as severely map cracked, while sections containing Cement R, with 4.51 
percent MgO, had about half as much map cracking in 1955 as the sections 
containing Cement H. . 


It is, therefore, suggested that the specific, five-step mechanism proposed 
by the author might more properly be regarded as a mechanism rather than 
ihe mechanism. Other combinations of phenomena that induce internal 
differential stress might also result in situations in which the concrete is in a 
locally expanded condition, from which it is partially restrained from re- 


~ covery on drying (or cooling), with consequent development of cracks, which 


in turn not only permit access of water to periclase and also provide potential 


— loeii for deposition of secondary products which may cause further restraint 


during subsequent cycles of drying or cooling. I doubt that it is possible to 
investigate any given deteriorated concrete made with these aggregates and 
conclude that the deterioration was in no way significantly contributed to 
by any of the following: 


(1) The inherently inferior paste-aggregate bond that characterizes smooth imper- 
meable aggregate particles. 

(2) The susceptibility of an inferior paste-aggregate bond to cracking due to differ- 
ential expansion of an aggregate particle with widely different directional coefficients of 
thermal expansion when the concrete is subjected to heating and cooling. 

(3) Alkali-aggregate expansion, 

(4) Expansion due to delayed hydration of MgO in the cement. 

(5) Restraints to shrinkage on cooling and drying due to secondary deposition in 
cracks; such deposits including Ca(OH),, calcium sulfoaluminate, etc. 

(6) Reaction of sulfate ion with calcium aluminate in the cement. 

(7) Freezing and thawing. 


Dr. Hansen’s conclusion suggests that for use with “the sand-gravel aggre-— 


gates of Kansas, Nebraska, and Iowa” it would be prudent to require, in 


addition to the normal specification limits on portland cements, that they 


also have “alkali content of not more than about 0.6 percent and MgO con- 
tent of not more than about 2.5 percent.” 


Dr. Hansen has kindly provided information on the autoclave expansion 


_ and the results of the chemical analysis for K,0 and Na,O for nine of the — 
_ 24 cements. These results are shown in Table A. 
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TABLE A—CHEMICAL ANALYSIS AND AUTOCLAVE EXPANSION OF NINE CEMENTS 


Cement Autoclave MgO, K:0, Na.0O, NazO 

No. expansion, percent percent percent equivalent, 
percent percent 

1Q 0.01 Died 0.24 0.07 0.23 
2Q 0.08 3.7 0.41 0.08 0.35 
2U 0.11 3.5 0.31 0.08 0.28 
3Q 0.14 4.9 0.26 0.07 0.24 
4Q 0.06 2.2 0.42 0.51 0.79 
5Q 0.08 3.6 0.42 0.51 0.79 
6Q 0.17 4.0 OF 0.38 0.71 
10Q 0.08 4.6 0.26 0.08 0.25 
11Q 0.15 4.7 0.33 0.54 0.76 


The indicated relation of MgO content and autoclave expansion is shown 
in Fig. A; the correlation coefficient r = 0.72. The regression line indicates 
that an autoclave expansion of 0.05 percent or more represents cements 
with 2.5 percent or more MgO in this series. It is also of considerable interest 
to note the approximate separation of the high- and low-alkali cements. 
With but two exceptions (2U and 5Q), all the cements with Na.O content | 
greater than 0.30 percent and Na:,O equivalent content greater than 0.60 
percent have higher autoclave expansions than predicted by the relation de- 
rived from all of the data, and those of lower Na2O or Na2O equivalent con- 
tent have lower expansion than would be predicted from the regression line. 


In developing an explanation of the expansion of Kansas sand-gravel 
aggregate concrete, it would be desirable if the explanation also accounted 
for the effectiveness of certain coarse aggregate additions, referred to as 
“sweetening,” in correcting the problem. Scholer and Gibson’ reported 
that “the addition of coarse aggregate, especially in amounts of 25 percent 
or more by weight, has been very beneficial. For the limestones it is evident 


that 25 percent will be adequate . . . For aggregate like the Lincoln sand- 


stone, it appears that as much as 40 percent by weight may be required . . . 


‘Soft, absorptive sound limestones are much more effective . . . than quart- 


zite sandstone.” Farran!® has reported data that demonstrate that portland 
cement paste develops bond of greater strength to clean polished calcite 
than to clean polished quartz because of the epitactic growth of calcium 
hydroxide on the calcite. Siliceous aggregates containing forms of silica 
capable of participating in alkali-aggregate reaction may develop superior 
bond with cement paste as a result of the reaction.1' Cherts containing 
chalcedony are aggregates of this type. 


In considering the role of MgO in producing expansion, it would be de- 
sirable to have information on the reactions in which the MgO participates, 
and the reaction products formed. Wells, Clarke, Newman, and Bishop” 
in describing failures of white-coat plaster note that overburned MgO in 


dolomitic finishing lime in the wall hydrates gradually to Mg(OH)s which, 


in turn, may carbonate to MgCO;3-3H,0. The volume increase from MgO _ 
to Mg(OH),. is 125 percent; that from Mg(OH),. to MgCO3-3H20 is 205 
percent, or a total of 586 percent from MgO to MgCO;-3H.20. The product 


-_MgCO;:3H,0 which is identical to the mineral nesquehonite has been found 
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as a deposit on and in concrete that had been exposed to Mississippi River 
water with an Mg content of about 10 ppm. If expanded sand-gravel con- 
crete, not exposed to an outside source of MgO, could be ahewe to contain 
Mg(OH), or MgCO;-3H,0, it would tend to support the author’s hypothesis 
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as to the importance of the role played by MgO and also suggest something 
of the quantitative relations between quantity of MgO reacted and amount 
of volume increase produced. 
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AUTHOR’S CLOSURE 


The discussion by Mr. Mather suggests a number of factors that might 
contribute to the deterioration of concrete. It seems that there can be no 

question that, once some type of deterioration has started, other types may 
augment it. Therefore, the problem of building durable concrete structures 
is one of minimizing factors that can start deterioration. Concrete technolo- 
gists have learned that, by the use of air-entrained concrete in well designed 
mixes, they can prevent freezing and thawing from starting deterioration. 
However, protection against freezing and thawing does not appear to be the 
type of protection needed to prevent deterioration of concrete made with 
certain sand-gravel aggregates. The problem of the concrete technologist, 
when using these aggregates, appears to be one of finding the cause of the 
initial deterioration. 
I have suggested that the cause of the initial deterioration in the case of 

certain sand-gravel aggregates is a cracking of the cement paste caused by 
the alkali-aggregate reaction which is Item 3 of the seven items listed by Mr. 


‘Mather. His Item 4 appeared to be the secondary cause in our project. 


It seems that concrete structures throughout the world bear witness to 
the fact that what may be classed as good or reasonably good concrete from 
the standpoint of cement content, air content, water-cement ratio, quality 


ae 


- eracked. I have no explanation for the behaviors of these cements except to 


field project to eliminate all variables. 


were the cements that were used either alone or as blends in obtaining the 


to the concrete made with certain sand-gravel aggregates reduces cracking. 


- pansion caused by alkali-aggregate reaction, as well as the shrinkage during 

_ drying. This restraint might be such as to minimize cracking of the cement 

paste and, accordingly, minimize any increase in permeability from this re- 
~ action. 


; vary in different directions. It seems that this variation in thermal co- 
efficient could cause the paste to crack and become susceptible to attack 


. es 
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of aggregate, and quality of workmanship will withstand for long periods of 
time the deteriorating forces of nature. Hence, when concrete which seems 


to rate this classification deteriorates in a relatively short period of time, i 
one has to search for the key that unlocked the door to one or more de- ; 
teriorating forces. . In this paper, I concluded that the alkali-aggregate was 
that key and that it operated by increasing the permeability of the cement | 
paste to water. ‘ 

Our specimens were on well drained ground in a relatively cold climate. ; 
They probably were rarely exposed to frost in a saturated condition. If they 
had been so exposed, a secondary deteriorating force may have been freezing 
and thawing and, then, the role of periclase might have been less distinct i 
than it appeared to be. ‘ 

Mr. Mather refers to the fact that, in the McPherson, Kansas, test road i 


there does not appear to be a correlation between the MgO contents of the 
cements and the deterioration. The alkali contents of the cements were ‘ 
similar and, accordingly, if alkali-aggregate reaction was the primary cause 3 
of the deterioration, all of the concretes should have been equally susceptible 
to secondary deterioration. However, the concrete made with the cement of 
highest MgO content (Cement R) shows little, if any, deterioration; whereas © 


that made with the cement of lowest MgO content (Cement H) is badly 


suggest that there were differences, either in the concretes or the exposures, 
that are not apparent from the available data. It is extremely difficult in a 


Mr. Mather raises the question as to why the addition of coarse aggregate 


It seems that this might be due to the coarse aggregate restraining the ex- 


The nine cements from which data were used by Mr. Mather in Fig. A 


data of Table 3 and Fig. 1 of the paper. 


Mr. Mather’s discussion serves to point out that there is need for more 
work on concrete made with aggregates that may react with alkalies and | 
aggregates made up of crystals in which the thermal coefficients of expansion 


from secondary causes. 
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Discussion of a paper by Shu-t'ien Li: 
Wear-Resistant Concrete Construction’ 
By CHARLES B. ELDER, JR., A. B. FOWLER, DANIEL A. GUNTIN, and AUTHOR 


By CHARLES B. ELDER JR.{ 


The adoption of two-course floor construction is growing measurably 
and reports such as Dr. Li’s will be instrumental in increasing the quality 
of such construction. Skilled workmanship, proper materials, and the cor- 
rect procedure will combine to produce economically a surface that will 
endure severe conditions for a long period of service with little or no main- 
tenance. 

The success of such construction begins with the specifications concerning 
the base slab and the wearing surface. These should be strict, easily under- 
stood by the men in the field, and adhered to. With respect to the wearing 
surface, the material costs are such a relatively small proportion of the over- 

all costs that the best available should be specified and used. 

For toppings that are to be applied after the base slab has hardened, Dr. 
Li suggests that ‘the base slab should be thoroughly wetted just prior to 
placing the wearing course but no pools of water left standing.” This has 
given excellent results and has been the accepted procedure. However, in a 
recent paper by Earl J. Felt of the Portland Cement Association entitled 
“Resurfacing and Patching Concrete Pavement with Bonded Concrete,”’ 
he points out that his test results agreed with Withey,!2 Thornton,!® and 
Waters" that the bond is strongest when the surface of the base slab is dry. 
While this is in conjunction with studies on concrete pavement it may war- 
rant further study with respect to floors. Mr. Felt does say that the apparent 
factor of greatest importance was the condition of the slab, its cleanness, 
roughness, and strength or soundness. “If the surface was clean, slightly 
rough, and free of a weak outer skin, good bond was generally obtained; 
otherwise relatively poor bond was obtained.” 

Inasmuch as heavy duty floor construction requires, for best results, a 
zero slump mix it follows that most concrete of this nature is job mixed in 
paddle or pan mixers, as Dr. Li suggests. The quantity of materials is rela- 
tively small due to the thinness of the wearing course. Uniformity of the mix 
‘is quite desirable and necessary. When bulk materials are used and batched 
‘by weight the utmost care must be exercised or segregation and moisture 
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variation of the material will become apparent. If conveniently available 
it seems most desirable to use supplier dried, graded, sacked aggregate. Where- 
as this type of material usually is greater in first costs than bulk material, 
this will probably be more than offset because of the following reasons: 


1. Much less waste of the aggregates, easier handling, and storage. 
2. Labor saved at mixer by batching by sack rather than operating scales for weight 


batching. 
3 Greater uniformity of mix by absolute control of moisture and uniformity of 


gradation resulting in easier finishing operations and more satisfactory surfaces. 
4. Less likelihood of aggregate contamination. 


Dr. Li advises that the joints in the wearing course should be formed care- 
fully by sawing and should coincide with the joints in the base slab. One 
means we have seen used to successfully achieve the same result is to saw 
the joints in the base slab and insert metal strips so that the top of the strip 
would be the desired finished grade of the wearing surface. These strips 
are grouted into place and used as strike-off forms for the wearing course. 
The wearing course is concreted in ‘checker board” fashion, thus when one 
group of sections has sufficiently hardened the metal strips are removed and 
the next sections concreted against the edges of those placed previously. 
All edges are finished with a )¢-in. edging tool. Floors done in this manner 
have given excellent service with no signs of deterioration at the joints. While 
this method may seem involved it should be remembered that if extremely 
hard aggregates have been used, sawing the joints in the wearing course will 
be difficult and costly. 

We should like to add to Dr. Li’s section on weather precautions with 
some mention of the potential effect of CO. from improperly vented heaters 
used in floor construction during cold weather. In the ACI Journat Kauer 
and Freeman" said that their tests indicated that fresh concrete exposed to 
COs. resulting from the use of salamanders or other heaters not vented to 
the outside leave soft surfaces. These will be of various depths depending 
on the concentration of COs, the temperature at which the concrete is cured, 
and the humidities under which it was cured. It was also found that chemi- 
cally produced hardners had no appreciable effect on the damaged surface; 


the only remedy for the soft film was grinding. 


It has also been observed that even in heated enclosures in which the 


heating units have been properly vented, dusty, soft surfaces frequently 


occur. Investigation has disclosed that even though the mix was properly 
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heated at the time of placing, these relatively thin slabs immediately lost 


their heat, thus resulting in the concrete remaining “dormant” for long 
periods. Final finishing has often been delayed as much as 10 to 12 hr. This 
has resulted in surface carbonation even though proper heater ventilation 
practices had been followed. It is therefore recommended that the con- 
crete mix for floors which are to be placed under cold weather conditions be 


provided with an accelerator in order that final finishing not be delayed — 
longer than 6 hr after placing. This may be accomplished by the use of 1 to 
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2 percent of calcium chloride or high-early-strength cement. The early 
application of a membrane curing media is also helpful in reducing the effects 
of the surface carbonation. Inasmuch as CO, is soluble in water wet curing 
media alone does not provide adequate protection. 

Two-course construction is also applicable to bridge decks. Their useful 
life will be extended if they are equipped with a wear-resistant, durable con- 
crete surface. This is particularly true in winter climates of frequent freeze- 
thaw cycles where the use of ice removal chemicals and tire chains has a 
tendency to spall bridge deck floors. 

Dr. Li’s article indicated that to obtain durable wear-resistant floors it is 
necessary to obtain a nonporous dense concrete on the surface. 

This is particularly difficult to obtain in normal monolithic bridge deck 
placements. The water-cement ratio of the structural concrete for strength 
requirements is usually considerably above that which would be desirable 
for surface durability and abrasion requirements. Porosity of the surface 
concrete is further aggravated by the necessity of considerable vibration and 
manipulation of relative high slump concrete to get proper placement through 
the reinforcement, thus increasing the water and laitance gain to the surface. 
It seems highly feasible and desirable to construct bridge decks in two courses 
—the structural slab being struck off 114 in. below finished grade, and a low 
water-cement ratio, low slump concrete wearing course being placed within 
1 to 2 hr after the structural slab strike-off. If there is any question concern- 
ing the abrasion resistance and durability of local aggregates it would be 
wise to import aggregates of known desirable qualities for the concrete wear- 
ing course. 
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By A. B. FOWLER* 


This article covers two-course construction of floors or resurfacing floors, 
platforms, and aprons subject to heavy traffic or to severe use from the handling 
of heavy material. 
From my own experience I am much opposed to two-course construction, 
- except where absolutely necessary. Experience dictates monolithic construc- 
tion is superior to two-course work. A metallic or other similar hardening 
agent can be applied and worked into the finished surface to increase its 

resistance to heavy traffic or severe abrasion. 


*Member American Concrete Institute, Superintendent of Construction, Erie Railroad Co., Cleveland, Ohio. 
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Two-course work is sometimes necessary for special jobs and resurfacing 
and therefore has a useful purpose. On new work, the top course should be 
placed while the subbase is still green, preferably within 24 hr after the sub- 
base has been placed. On resurfacing projects, after the base slab has been 
prepared as recommended, special precautions should be taken to assure that 
all accumulated powdered dust has been removed; a 10 percent solution of 
muriatic acid, strong washing soda, or tri-sodium phosphate is helpful in this 
cleaning operation. 


Under the subheading of “Cement,” p. 882, it is noted that Type II cement 
has been eliminated from consideration for floor construction. This type of 
cement, it would seem to me, would be advantageous due to its moderate 
heat of hydration and slower setting qualities.and is being used exclusively 
over all other types of cement whenever obtainable on all work under my 

jurisdiction. Type III cement, which is a high-early-strength cement, should) 
es. be avoided except where it is necessary to put the floor in service at the earliest 
date possible and when used, due to its early setting qualities, special care 
must be given for proper and early curing. 
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Under ‘‘Water-Cement Ratio and Proportioning,” p. 882, it isrecommended 
that the total water in the mix be held between 3) to 4 gal. per cu ft of ce- , 
a 

i 


ment. Such rigid limitations, due to the extreme difficulty of placing, pro- 
hibits its use because of productive and economical reasons. . 


“Air-Entraining or Wetting Agents,’ p. 883, recommends 3 to 6 percent 
entrained air. My experience on trowel finished floors indicates that it should 
not exceed 3 percent or be eliminated all together. This is due to the difficulty 
experienced in finishing, as the entrained air has a tendency to roll or ball 
¥ _ while troweling, making it difficult to get a satisfactory finish. 


“Corrections,” p. 884, states that full bags of cement per batch should be 


today in which case cement would be weighed. 


“Weather Precautions,”’ p. 887, states that if during the progress of work 
the temperature is, or will within 24 hr, drop to 40 F, the water and aggre- 
gate should be heated. The anticipated weather drop 24 hr after concrete 
has been placed should not have any bearing on the temperature of the con- 
crete at the time it is placed. It would seem that the emphasis should be on . 
protecting the concrete at a reasonable temperature rather than heating of 
the aggregates. 


a? 


It also seems questionable whether bituminous seals or mastic mortar 
_ surface treatment has much value for wear resistance. 


By DANIEL A. GUNTIN* 


Dr. Li is to be commended on an excellent treatise on those important 
factors and fundamentals of durable concrete wearing surfaces. 


- ; *Member American Concrete Institute, Technical Sales, Sika Chemical Corp., Passaic, N. J. 
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Among the many significant comments in his review, we find two sections; 
one pertaining to the use of admixtures and another dealing with surface 
treatments of exceptional interest. Dr. Li, in our opinion, shows a pene- 
trating knowledge of two sometimes misinterpreted topics. We refer to the 
specific advantages inherent in the use of certain admixtures and the values 
imparted to wearing surfaces by selective concrete floor treatments. 

Apart from air entrainment, the properties of which are quite well known, 
the use of selective admixtures for purposes of water ratio reduction, set 
control, and workability, not to mention increased strength, especially flexural, 
reflects a growing trend in the design and production of modern day floor- 
ing. While the use of such admixtures may not be dictated for every in- 
stallation, their advantages should be realized and used as job conditions 
warrant. For example, we have found that the use of a retarding densifier 
imparts valuable characteristics to a given mix beyond that of lower water 
requirements, higher strengths, and improved workability. 

Oft times a floor slab or topping has a tendency to set at a faster rate in 
those areas adjacent to columns or walls. On certain installations this prob- 
lem can be quite serious. Our experience has indicated that controlled re- 
tardation alleviates immeasurably the finishing problem. This common 
experience is not restricted as we know, to hot weather concreting schedules. 

The values of a retarder are exemplified when aggregate compounds such 
as selected iron are to be installed by surface application techniques. Should 
the application or “shakes” of the aggregate be improperly timed to coin- 
cide with the required plastic state of the concrete, and this may occur 
for a number of reasons, severe difficulties can arise. Finishing may prove : 
difficult, expensive, or may prove incapable of complying with original speci- 
fications. Controlled retardation under these conditions provides that needed 
assurance and safeguard for proper installation. Our comments here are 
limited to a retarder; however, different problems show that important 


~ advantages are also obtainable by the selective acceleration of set through 


the use of an appropriate admixture while still obtaining the benefits of water 
economy, workability, density, etc. 

Dr. Li also referred to various groups of concrete floor treatments. This 
particular phase of our industry, although it enjoys a status of instant recog- 
nition as a necessity, does contain a number of facets not completely appre- 
ciated. We note, for example, that Dr. Li overlooked a group which many 
consider indispensible. These are the aggregate compounds, which are 


- generally installed into the still plastic surface of the floor. Specifically, 


iron, quartz, aluminum oxide, and silicon carbide compounds, all of which 
have been widely used. They have had long use and service for heavy duty 


and nonslip purposes. The field results prove their value, standing up to all 


sorts of exposures with excellent performances. 
We feel that the theory of relying on a few specific treatments for all ex- 
posures has lapsed. Indicative of this has been the development of diverse 


- materials to meet modern floor needs. Although it is somewhat natural to 
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experience some overlapping of function, each type of treatment is specific 
in its original concept. That is, the treatment is meant to impart to a con- 
crete surface an essential and desirable characteristic that is not usually 
associated with a property of the flooring. Thus, for example, the use of 
iron aggregate is desirable when electrical conductivity or spark-proofing is a 
requirement; aluminum oxide or silicon carbide when nonslip factors arise; 
and the silicofluorides where erosion resistance or surface density is needed. 


As a result, the use of aggregate compounds or “hardeners’’ as they are 
commonly referred to, are very much a part of the technological considerations 
examined by Dr. Li. The significance of this to the designer or specifier 
is enormous. For he now has a valuable array of materials to supplement 
his carefully planned floor design. Thoughtful selection of one or perhaps a 
specific combination can enable him to obtain the desired end result at a 
minimum of cost and with assurance of maximum durability. 


This particular phase of our industry is growing at a fast rate, stimulated 
as it is by the development of newer resin plastics, and techniques. Work 
definitely is needed on the subject of nomenclature and standards. In this 
respect, the proposed work of ACI Committee 402 on concrete floor treat- 
ments will be of considerable value as an adjunct to the recommendations 


and comments of Dr. Li. 


AUTHOR’S CLOSURE 


The author is grateful to Messrs. Elder, Fowler, and Guntin for the in- 
teresting discussions they have contributed to this apparently dull subject. 


_ Their valuable comments deserve analytical responses grouped categorically. 


TWO-COURSE VERSUS MONOLITHIC CONSTRUCTION 


Messrs. Elder and Guntin’s hearty approval of two-course construction 
to produce economically durable concrete wearing surfaces that will endure 


severe conditions for a long period of service with little or no maintenance, 


does not, in any way, contradict with Mr. Fowler’s view of ‘being much 
opposed to two-course construction except where absolutely necessary.” 
It is just where absolutely necessary, that is, where wear-resistant concrete is 


- indispensable, that the use of two-course construction is advocated. 


Monolithic construction would be superior to two-course work, as Mr. 
Fowler contends, if wear-resistant quality were not the primary requisite, 


‘His further argument that a metallic or other similar hardening agent can be 
applied and worked into the finished surface to increase its resistance to 


heavy traffic or severe abrasion, appears true only during the early stage of 


_ service life. As age increases, experiences based on performance records 


invariably show that: 


1. Metal grids result in unequal wear of the metal and concrete surfaces which in 
turn produce an uneven surface. 
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2. Hardening agents are not permanent, need periodic renewal, and do not serve 
as a panacea. 

3. Unless a two-course construction is used, the renewal of a monolithic construction 
with metallic or other hardening agent makes it uneconomical and inconvenient. 


Mr. Fowler also admits: “Two-course work is sometimes necessary for 
special jobs and resurfacing and therefore has a useful purpose.” These 
special jobs are as enumerated in the beginning of the author’s paper. 


The decisive criterion for adopting a two-course construction or a mono- 
lithic construction depends, in the ultimate analysis, on whichever will re- 
quire the least annual cost, or capitalized cost, when all the first cost, main- 
tenance cost, and renewal cost are taken into consideration. 


CONSTRUCTION SPECIFICATIONS 


Mr. Elder rightly stresses that the success of such construction begins 
with the specifications concerning the base slab and the wearing surface. It 
was for providing a basic reference for preparing such specifications that the 
paper was written. The discussers have contributed much in elucidating 
many a salient point. Conventionally, specification writers are inclined to 
emphasize the best available for materials, methods, workmanship, and 
procedures. In a given project, however, it is not the best available but the 
best justifiable under a given set of funtional requirements and economical 
limitations that should dictate the stipulations of the specifications. De- 
spite this a priori fact, “with respect to the wearing surface,” as Mr. Elder 
judicially puts it, “the material costs are such a relatively small proportion ~~ 
of the over-all costs that the best available should be specified and used.” 


PREPARATION OF BASE SLAB AND PLACING OF WEARING COURSE 


Under preparation of base slab and again under placing, the paper covers 
all possible conditions that may be encountered, with each individual treat- 
ment really in line with the comments of the discussers. 


On new work 

Mr. Fowler suggests that the top course should be placed while the sub- 
base is still green, preferably within 24 hr after the subbase has been placed. 
The paper first provides procedures for preparing the base slab when the 
wearing course is to be placed the same day as the base slab; then gives addi- 
tional procedures if the wearing course is placed as soon as the base slab has 
become sufficiently firm to withstand foot pressure, or has set sufficiently 
so that water does not rise to the surface; and finally states that a convenient 
procedure is to place the base slab in the afternoon and the wearing course — 
the next morning. Thus, the author not only prefers the placing of wearing 
course on new work within 24 br after placing the base slab, but also pro- 
vides detailed procedures according to the degree of greenness of the base 
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On partially hardened base slab 
Mr. Elder refers the author’s wetting of partially hardened base slab on 
new work to the test results of Felt concerning bond in resurfacing and patch- 
ing concrete pavement. In this connection, the author posed two require- 
ments in his paper: (1) thoroughly wetting the base slab just prior to placing 
the wearing course, and (2) brooming onto the surface of the base slab a thin 
coat of neat cement slurry or grout for a short distance ahead of the topping. 
The wetting is to eliminate absorption by the base slab of water from the 
; zero slump mix of the wearing-course concrete, while the cement slurry will 
serve to insure the bond. “If the surface was clean, slightly rough, and free 
of a weak outer skin,’ according to Mr. Felt, “good bond was generally ob- 
4 tained” in his tests on resurfacing and patching concrete pavement. Presum- 
ably, Mr. Felt did not use zero slump mix of concrete in his tests in which 
case some absorption of water by the patched concrete from the patching 
concrete should prove to be beneficial. 


In the case of zero slump wearing-course concrete, neither absorption of 
- water from within by the base slab nor rapid evaporation of water from 
without is desirable; hence wetting of the base slab before placing the wear- 
ing course and wet curing after its placement. It is desired to have just 

sufficient wetting to eliminate absorption, and therefore no “minute pools” 


_ of water should be left standing on the wetted surface. On partially hardened | 


_ base slab, this measure is necessary, because the partially hardened concrete 
is capable of reabsorbing water. Even a thoroughly cleaned dry surface may 
- give adequate bond, when the strength of concrete is strictly controlled by 
_ water-cement ratio, it still proves to be good practice to wet the cleaned sur- 


On well matured base slab 


It is again principally for the purpose of eliminating absorption from the 

zero slump concrete wearing course that the paper states when the wearing 
_ course is to be laid over a well matured base slab, the latter should be soaked 
_ with water overnight or for an equivalent length of time. It is not aimed for 
_ increasing bond. Under this condition, bond with hardened base slab, as the 
_ paper states, is achieved by chipping, cleaning, and thorough scrubbing. 


In fact, Felt’s tests on resurfacing and patching concrete pavement is a 
case of resurfacing aged monolithic concrete pavement whose rugged and 
t cleaned surface would provide sufficient bond if of sound concrete. Further- 
_ more, when seasoned sound concrete is to be patched it has little capacity to 
_ absorb water from the fresh patching concrete. Felt achieved bond through 
_ roughness. In the case of two-course construction, the author attains it by 
_ chipping and scrubbing. 


7: On resurfacing 


; In cleaning the subfloor for resurfacing work, Mr. Fowler suggests the 
F use of a 10 percent solution of muriatic acid, strong washing soda, or tri- 
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sodium phosphate to assure the removal of all accumulated powdered dust. 
This is indeed effective, but the author prefers a thorough washing and scrub- 
bing if the use of acids or alkalies can be avoided. Since both acids and alkalies 
will react with concrete causing the latter to disintegrate, their use must be 
followed by thorough washing. 


The paper is primarily concerned with new construction, and hence re- 
surfacing was only touched upon to complement the context. To keep this 
closure within reasonable length, the author deems it advisable to avoid de- 
tailed treatment of the entire subject of resurfacing. 


INGREDIENTS 

Cement 

Type II cement is primarily used for construction that is exposed to a 
moderate sulfate action, or where moderate heat of hydration is required. 
Because of these special properties, which are not generally required, the 
paper states that Type II cement, “may usually” be eliminated from con- 
sideration, but not entirely as Mr. Fowler has commented. However, Mr. 
Fowler’s experience with Type Il cement is worthy of note. His requisite 
for proper curing when Type III cement is used, has been covered in the 
paper under curing. 


Water-cement ratio 

While, as Mr. Fowler remarks, to hold the water-cement ratio to not over 4 
gal. per cu ft of cement causes difficulty in placing, this stipulation, never- 
theless, constitutes the gist of the whole problem of achieving a strong and — 
durable wearing course. Practical ways to attain this water-cement ratio — 
have been given in the paper under ‘“CWater-Cement Ratio and Proportioning.” 
To provide high wear resistance and durability and hence long range economy, 
this specification is indispensable. Most contractors from the viewpoint of 
production and economy would agree with Mr. Fowler. But contractors 
in the specific field of wear-resistant concrete construction can make this 
specification of 4 gal. per sack of cement an asset by producing a high-quality 
work. Mr. Elder has already adopted this water-cement ratio in advance 
in his recommendations for heavy-duty concrete floor finish when power 


floats are used. 


Air-entraining agent 
Mr. Fowler’s experience on trowel-finished floors indicates entrained air 


~ should not exceed 3 percent versus the author’s recommended limit of 3 to 6 per- 


cent. He states that “the entrained air has a tendency to roll or ball while 
troweling, making it difficult to get a satisfactory finish.’ his difficulty 
would have been reduced if he had used a water-cement ratio as low as stipu- 
lated by the author and, in introducing an air-entraining agent, he had further 
reduced the total quantity of water in the mix, including that in the aggre- 
gate and in the air-entraining or wetting agent, and concurrently he had re- 
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duced the fine aggregate slightly by an amount equal to the net change in 
volume of air plus water so that the cement factor of the concrete would be 
kept constant. 


Aggregates 

Clean, hard, tough, angular, well graded, and dried aggregates (fine and 
coarse) are absolutely essential to producing wear-resistant, durable con- 
crete for the wearing course. Mr. Elder’s suggestion of using supplier dried, 
graded, and sacked aggregates, is conducive to economy for the reasons he cited. 

Quartz has a hardness of 7 in Mohs’ seale. Granite has quartz as its 
essential mineral. They are the hardest as aggregates. Basalt and traprock, 
or diorite, though next in hardness, can be processed as excellent aggregates. 
Where they are not locally available, it is justified to ship them from a distant 
supply source. On the recent topping job of the Alabama State Dock at 
Mobile, Ala., the traprock aggregates were imported from Iron Mountain, 
Mo. 

To show the typical properties of hard aggregates, the following excerpt is 
extracted from a Pittsburgh Testing Laboratory Report on Iron Mountain : 
traprock: 
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Chemical constituents, percent: 
Silicon oxide 57.94 Abrasion, percent of wear 
Aluminum oxide 7.83 (Deval) 2.4 
Tron oxide 21.53 . 
Bee on oxide 572 Abrasion, Los Angeles (ASTM)| 13.2 
Magnesium oxide 6.32 Hardness (Department of Ag. | 
Sodium-potassium oxides 0.51 No. 347) 19.6 
Physical properties: Fusion Point (ASTM C 24-35), | 
Specific gravity 2.94—3 .00 deg F 2000 
Absorption, in lb per cu ft 0.459 d 
; 
| 
1 
, 
| 


Absorption, percentage 0.25 Solubility, 10 percent H,SO, 


Toughness (ASTM) at 100 F, percent 1.43 


With grain 19 Solubility, 10 percent HCl at 
Against grain 30 100 F, percent 0.71 


_ Spalling: No tendency to spall after 10 eycles of heating to 2000 F on sudden cooling to 500 F. 


Not only are the aggregates resistant to wear, abrasion, but also resistant to 


Selective admixtures 
Mr. Guntin’s forward outlook on the use and advantages of selective admix- 


_ tures should have a far-reaching influence on the progress of modern concrete 


technology. The use of such admixtures for purposes of water-cement ratio 
reduction, improved workability, set control, increase in density, and in- 
creased strength, is growing and has had rewarding results. Several types of 
retarders and accelerators are available. Mr. Guntin confirms the merits of a 
mettallo-organic type retarding densifier. There is a crying need for keeping 
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admixtures. In them lies an additional potential benefit to the conventional 
ingredients in the production of durable concrete. For best results, optimum 
amount, appropriate moment, and proper procedure are important in handling 
the sensitive admixtures. Mr. Guntin’s account of his experience with re- 
tarders constitutes a valuable contribution to the subject. 


WEIGHING AND CORRECTIONS 


Under “Weighing,” the paper proposes to weigh all constituents which, 
of course, include bulk cement if used. This agrees with Mr. Fowler’s sugges- 
tion that bulk cement should be weighed. To extend this precaution to all 
ingredients, “when bulk materials are used and batched by weight,” states 
Mr. Elder, “the utmost care must be exercised, or segregation and moisture 
variation of the material will become apparent.” Careful weighing alone is 
not sufficient. The author states how corrections should be made. Mr. 
Fowler agrees with the author in using full bags of cement per batch. Should 
it be necessary to use less than a bag of cement per batch, the author further 
calls for correction for the increase in volume of cement due to aeration by 
disturbance. 


WEATHER PRECAUTIONS 


Mr. Fowler’s statement: ‘The anticipated weather drop 24 hr after con- 
crete has been placed should not have any bearing on the temperature of the 
concrete at the time it is placed,” really confirms instead of corrects the 
author’s first paragraph under this heading. To quote from the paper, ‘If 
during the progress of work the temperature 7s, or will within 24 hr drop to 
40 F, the water and aggregate should be heated and precautions taken to keep 
the temperature of the concrete above 70 F for at least 3 days or above 50 F 
for at least 5 days.”’ The precautions are for within rather than after 24 hr, 
and they are directed to protecting the concrete. Compare then with Mr. 
Fowler’s further statement: “It would seem that the emphasis should be 
put on protecting the concrete at a reasonable temperature rather than 
heating of the aggregates.’ Heating of the aggregates is also indispensable 
‘sf during the progress of work the temperature zs in the neighborhood of 


; AQ) F.’” 


Mr. Elder has added an excellent passage on weather precautions by men- 
tioning the potential effect of CO. from improperly vented heaters used in 
floor construction during cold weather, and by referring to surface carbonation 
even though proper heater ventilation practice had been followed. The author 
maintains the practice of avoiding the use of salamanders or other heaters as 
far as possible. He kept silent in this regard in writing the paper, as there is 


~ no ideal recommendation that could be made even under properly and care- 
fully ventilated conditions. He agrees with Mr. Elder in providing the con- 


crete mix for floors to be placed under cold weather conditions with an ac- 
celerator, and in the early application of a membrane Se media, for reasons 
Be oeounget by Mr. Elder. 
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JOINTING 


Mr. Elder provides a commendable means to achieve good wearing-course 
joints by sawing the joints in the base slab, by inserting to grade and grouting 
into place interim metal strips of checker board fashion as strike-off forms for 
the wearing course, and by removing them when one group of sections has 
sufficiently hardened. 


Though minor in workmanship detail as it may seem, it is highly desirable 
(1) to prevent moisture loss from joints during curing, and (2) to keep them 
clean of foreign matter until sealed. The former is essential to good curing 
of sawed or formed joints in green concrete. The latter eliminates resawing, 
blowing of joint with compressed air, wire brushing, or hooking out of incom- 
pressible materials lodged in joints. These two objectives may be accom- 
plished by the application of concrete joint curing tape. 


It consists of two ribbons of special adhesive, applied to a polyethylene 


; tape, equidistant from center, and protected by a glassine backing. During 


application this backing is snapped off and the tape pressure-applied so as to 
straddle the joint. It can be applied within 30 min after sawing and water- 
flushing the joint. The moisture which collects on the underside of the tape 
within 10 min or less is the original moisture in the concrete constituting the 
very essence to the proper curing of the joint, and will be retained by the tape 
until the joint sealant has been applied. Proprietary seal tapes of this cate- 
gory are available in the market. 


BRIDGE DECKS 


When the paper was written, the author restricted its scope to heavy- 
duty floors, factory working areas, platforms at transportation depots, and 
aprons and floors at waterfront facilities. ‘Two-course construction is nat- 
urally also applicable, as Mr. Elder has pointed out, to bridge decks. This is 
particularly true in the heaviest traffic areas located where the damaging 
effects of severe winter weather and of climatic extremes are encountered. 


Though, in northern states, a wearing course has often been used on bridge 


decks, it has rarely been of wear-resistant quality. It is highly desirable, 


as is suggested by Mr. Elder, to construct bridge decks in two courses, the 


permanent strength slab, and a wearing surface of abrasion-resistant aggre- 


gates, low water-cement ratio, and low-slump concrete. 


The durability of bridge decks may also be increased by the use of sili- 


cones. The most effective and most economical type of silicone for this — 


purpose is the water soluble product, sodium methyl siliconate, at an opti- 


mum concentration of 2 percent silicone solids. 


Two factors contribute to silicone protection: (1) the silicones’ inherent 


repellency of water; (2) the ability of the silicone chemical, in diluted solu- 
tion, to penetrate into the pores of masonry and to line those pores with | 
silicone. . 
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Requirements for water soluble silicones have recently been included in 
the New York State Public Works Specifications, and in the specifications of 
the State of Wisconsin Highway Department. Previously, in addition to lab- 
oratory tests, field test applications were made in several areas through the 
cooperation of state highway and toll road authorities. Though they are 
mainly used for improving the durability of concrete highway pavement, a 
2 percent silicone solids treatment was applied to all of the curbing, except 
one small section, of a New York highway bridge. Two years later, all of 
this treated non-air-entrained concrete curbing was in perfect condition, 
but the untreated section was seriously deteriorated by spalling. 
Those who are interested in silicone treatment of concrete pavements are 
- referred to an excellent article entitled ‘‘Extending Concrete Highway Dur- 
ability and Light Reflectance with Silicones,” by Harold L. Cahn and Royal 
V. Mackey, Jr., ASTM Bulletin No. 235, Jan. 1959, pp. 37-42. 


TUNNEL ROADWAY DECKS 


To complement Mr. Elder’s extension of two-course construction to bridge 
decks, the author wishes to further recommend it for tunnel roadway decks. 
A high wear-resistant surface course is extremely desirable in the roadway 
decks of vehicular tunnels. Here, both from the traffic standpoint and from 
the renewal standpoint, a wear-resistant two-course construction will mini- 
mize maintenance, prolong necessary renewal after much longer period of 
service, and facilitate the indispensable renewal with greater ease and con- 
venience. And for still greater ease of renewal, precast wear-resistant con- 
crete flooring units may be introduced to facilitate paving and to put into 
service at minimum time. 


/ 


¢ SURFACE TREATMENTS 
_ Aggregate compounds 
Mr. Guntin has elaborated on ‘‘aggregate compounds” for concrete floor 
treatments. They have been, indeed, widely used, and are indispensable 


ce under certain conditions. It was because some of them have been applied ~ 


for other purposes, such as wrought iron aggregate for electrical conductivity 
or spark-proofing, aluminum oxide or silicon carbide for nonslip, that the 


~ author had purposely not included them in writing the paper. Its scope 


was confined to wear-resistant construction, as the title indicates, rather 


~ than the entire province of floor construction and surface treatments. 


In examining the physical and chemical characteristics of aggregate com- 


pounds, the author found that the reaction between the calcium hydroxide — 
in portland cement and the metallic silico-fluorides tends to densify and 
- harden the concrete by precipitating compounds in the pores—a process that is 


conducive to wear-resistance. Hence, metallic silico-fluorides, consisting of _ 
magnesium silico-fluoride, zinc silico-fluoride, lead or aluminum silico-fluor- — 
ide, as a composite surface treatment material, together with the proper 


. method of application are given in the author’s paper. 
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The central issue of the paper lies in how to achieve wear-resistant and 
durable concrete. The use of aggregate compounds or “hardeners” is a part of q 
the issue, as Mr. Guntin so comments, but it is limited to increasing abrasion 
resistance, postponing the exposure of internal pores, acting as a moisture — 
barrier, and preventing dust formation. The author states: “There are ~ 
many proprietary hardeners and dustproofers available.” It was left to 
the user to find out the comparative merits and economics of them from 
actual performance service records under conditions similar to those a user _ 
has in his project. ‘(Each will serve its purpose to a certain extent under — 
normal conditions,’ continues the author, ‘each will increase the service- 
ability of a good concrete, but none is a substitute for good concrete.” He. 
further adds, “They are, however, not permanent and need periodic renewal. 
There is no surface treatment which can be depended on as a panacea.” 


ee ar 


Mr. Guntin emphasizes that the significance of the use of aggregate com- 
pounds or hardeners to the designer or specifier is enormous. He culminates 
with the statement: “Thoughtful selection of one or perhaps a specific com- 
bination can enable him (designer or specifier) to obtain the desired end 
result at a minimum of cost and with assurance of maximum durability.” 
This is a promise to be welcomed. But engineers would like to have con- - 
clusive service performance records together with precise conditions under — 
which the records were observed, on all the aggregate compounds or hardeners i 
so far patented. : 
Resin plastics 

Mr. Guntin further refers to resin plactics. The author covers briefly 
this group which includes those containing polyvinyl chloride and acetate 


copolymer, phenol formaldehyde, cashew nut resin, furane, polystyrene, and 
epoxide, alkyd, or coumarone-type resins. 


Bituminous seal and mastic mortar 

Mr. Fowler questions whether bituminous seal or mastic mortar surface 
treatment has much value for wear resistance. 
~ One of the essentials for a durable wearing course is to have ‘‘dense con- 
crete.” ‘Maximum density implies minimum porosity and permeability.”” The 
use of bituminous seal or mastic mortar tends to seal the pores, acts as a moisture 
barrier, and prevents dust formation out of the concrete wearing course. 
Thus the elimination of the exposure of internal pores together with a mois- 
ture barrier will protect the portland cement concrete from suffering de- 
terioration of the constituents of the hydrated cement. 


Aggregates for wear-resistant concrete require hard sand for the fine, and 
hard crushed stone such as basalt and traprock, granite, quartz, or diorite for 
the coarse. The essential minerals for these aggregates consist of quartz (7), 
orthoclase (6), plagioclase (6), amphiboles (5 to 6), and pyroxenes (5 to 6), 
their respective hardness in Mohs’ scale being indicated within the parentheses. 
Any minute breaking of particles will cause dust formation. Siliceous dust is — 
on the hardness scale of as high as 7. Such dust will act as a grinding agent ; 
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under truck wheels, accelerating mechanical wear. Bituminous seal or mastic 
mortar will intercept such grinding action on the wearing course concrete. 


Nomenclature and standards 

Mr. Guntin’s final suggestion on the need for nomenclature and standards 
in surface treatments of concrete floors, deserve the Institute’s earliest due 
consideration. It is only natural to include this suggestion in the proposed 
work of ACI Committee 402. v 


POSTLUDE 


In closing, the author wishes to thank all of the discussers for their en- 
-~ thusiasm in contributing so much valuable comment. It has been his great- 
est pleasure to carefully read the discussions and to ponder further on the 
subject while writing this closure. If the paper has supplied a need at this 
time, has served a framework for further development, has provoked or 
renewed scientific interest in the important question of wear-resistant con- . 
crete surfacing on which every one may put his feet now and then, or has 
clarified hitherto hazy points, the author will feel more than duly rewarded. 
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Disc. 55-58 


Discussion of a paper by B. G. Singh: 


Specific Surface of Aggregates Applied to 
Mix Proportioning® 


By K. W. DAY, ROMAN MALINOWSKI, and AUTHOR 
By K. W. DAY+ 


I have been using for the past 5 years a method of mix proportioning similar 
to that proposed by Dr. Singh. Although I have not had the opportunity to 
perform laboratory experiments to any great extent, the system has success- 
fully produced answers to many difficult mix proportioning problems in 
commercial applications and my experiences may be of interest. 


I have considered two separate factors in attempting each design: 


(1) The water requirement (and therefore the cement requirement) and also the 
segregation resistance of a mix is almost entirely dependent on the over-all mix specific 
surface. For any given use of the concrete a suitable minimum specific surface can be 
selected. This specific surface will be low (16 to 19 sq em per g) for very dry concretes 
with placing conditions giving no appreciable risk of segregation and high (22 to 27 
sq cm per g) for wetter mixes placed, for example, in thin vertical molds. Mixes of 
higher specific surface than the minimum required will be suitable for placing but will 
not achieve the maximum cement economy and may not be suitable for high strength 


work. 
(2) The amount of matrix available must be sufficient to give a dense concrete. 


This may require more sand than is strictly desirable from the specific surface point of 
view and either the loss in cement economy must be accepted or alternative aggregates 
must be used, whichever gives the greater over-all economy. 


In this latter respect there is a serious omission in Dr. Singh’s list of fac- 
tors affecting the coarse to fine aggregate ratio. The factor omitted is the 
density of packing of the coarse aggregate. It is clear that the lesser the 
volume remaining to be taken up by matrix the more likely it becomes that 
maximum cement economy can be achieved by using the minimum specific 
surface suitable from a segregation point of view. ; 

Dr. Singh’s relationship between aggregate-cement ratio and desirable 
specific surface, although based on experimental evidence, may be misleading 
since it is a result of extending the particular into the general. The real - 
requirements for a satisfactory lean mix are high density of packing of coarse 
aggregate and a sand having a sufficient proportion of fines [passing a 52 or 
even 100 mesh British standard sieve (BSS)] to enable the cement paste to 


*ACI Journat, V. 30, No. 8, Feb. 1959 (Proceedings V. 55), p. 893. Disc, 55-58 is a part of copyrighted JouRNAL : 


or THE AMERICAN ConcreTE InstiTUTE#, V. 31, No. 3, Sept. 1959, Part 2 (Proceedings V. 55). . 
+Research Engineer, Victoria Concrete House Project, Housing Commission, Victoria, Australia. 


1529 


, 


af 
= 


EW SR 


i Ease le 


mae oe 


me 


1530 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Sept. 1959 


fill the remaining voids. Although this creates a situation in which it is often 
difficult to achieve the desirable minimum specific surface, it does not make 
it any less desirable. 

Another reason for the upward slope of the graphs given in Dr. Singh’s j 
paper is that the effect of the cement itself on the segregation tendency (or _ 
effective specific surface) is large. It is not however large enough to explain 
entirely the slope shown. 

A point which puzzles many engineers on meeting specific surface theory 
for the first time is that cement, with a specific surface ten times that of the 
finest sand, does not entirely swamp the effect of aggregate specific surface. 
Without delving into the reason for this it is quite clear that the ‘effective 
specific surface” of cement in this context is much less than its actual specific 
surface. It is not so widely realized that this effect also extends to the finer 
sand fractions. What is actually being sought is a “water factor” for the 
various sieve fractions and specific surface is of interest only because it more 
closely represents this water factor than does any other known property 
(such as fineness modulus). The water factor of a sieve fraction may be de- 
fined as the amount of water which would have to be added, together with one 
gram of that sieve fraction, to a concrete mix of some standard workability, 
in order that the addition may leave unchanged that workability. The finer 
sieve fractions of the mix (including the cement) have a smaller effect on 
water factor or effective specific surface than is indicated by their true specific 
surface. 

In applying specific surface theory to practical mix proportioning I have 
made use of the actual measured specific surface of the various sieve fractions 
obtained by Newman and Teychenné in the course of their preparations 
for a paper® (values not published in that paper). These values have been 
modified? as a result of practical experience to more truly represent water 
factors. These values have proved satisfactory on aggregates and sands 
from many different sources, leading to the conclusion that the differences 


Or 


ee ee 


_ in specific surface due to different particle shape are not fully reflected in the 


water factors of the aggregates. 


To illustrate the wide range of applicability of the method, two examples 
are given: 


(1) On a bridge precasting site at Canberra (Australian Capital Territory) the 
only local sand was extremely coarse. A specific surface of 18 sq em per g was consid- 
ered appropriate for the work (a rich, high strength mix; incidentally this value accords 
well with Dr. Singh’s graph) and this gave the required sand fraction as 47 percent of 
the total aggregates. Although this seemed impossibly high, no objection could be 
found in the second requirement that sufficient sand should be available to fill the 
voids in the coarse aggregate; sufficient cement was required on strength grounds to 
fill the voids in the coarse sand and sand was cheaper than coarse aggregate. A trial 
mix was therefoye prepared and was highly successful. 


(2) On a second bridge site at Hobart (Tasmania) the only local sands had virtually 
nothing retained on a No. 25 BSS sieve and there was a suggestion to ship by raila __ 
coarser sand from over 100 miles away as it was felt that high strength concrete could 
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not be made with such fine sand. An examination of specific surfaces (by sieve analysis) 
revealed that only 15 percent of sand was desirable. It was discovered that by com- 
bining 10 percent of 34 to 14-in. crushed stone with 75 percent of a single-sized 34-in. 
crushed stone a dense coarse aggregate with fairly low specific surface resulted. When 
this was combined with the sand and cement a usable concrete resulted although 
it did require careful handling to prevent segregation. An increased sand proportion 
was tried to reduce the segregation tendency but did not yield the necessary strength 
(extra cement did not give additional strength below a 314 to 1 aggregate-cement ratio). 
The mix as first proportioned was in fact used for over 200 prestressed 40-ft span 
beams. 


In both the above jobs a minimum cylinder strength of 5000 psi at 28 
days was called for and obtained with a 1-in. slump concrete. 

At the other end of the aggregate-cement ratio scale, the same theory, 
and the same mix specific surface (18 sq cm per g) has been used on earth- 
dry mixes of 7 to 1 aggregate-cement ratio compacted under almost ideal 
conditions with heavy external vibration to produce extremely strong con- 
erete (8000 psi cylinder strength at 28 days). This is all the more at variance 
with Dr. Singh’s graph because aluminous cement (which is much more 
coarsely ground and therefore has much less effect on the total effective mix 
specific surface) was used. 

In conclusion I do not wish to detract from Dr. Singh’s excellent paper 
and hope that he will continue his work to produce a really comprehensive 
theory of mix proportioning. One most intriguing possibility is the discovery 
of a means of directly ascertaining the specific surface of sand sample by a 
method quicker than a sieve analysis. I have attempted this by means of a 
water permeability test but so far without success. 
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By ROMAN MALINOWSKI* 


The paper presented by Dr. Singh is a continuation of his previous two 
papers® and in it an attempt is made to apply the factor of specific surface 
of aggregates to mix proportioning. The limited space of the paper did not 
allow the author to critically review papers by Edwards! and Young? men- 
tioned by him or the interesting method of Kennedy.® 


REMARKS ABOUT MIX PROPORTIONING 


; “Aspect of the method 


The author limits the basis of calculating the mix proportions by using ~ 
only accepted formulas. He gives no details about the kind of experiments 


*Member American Concrete Institute, Associate Professor of Engineering, Israel Institute of Technology, 
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performed, the data obtained, or corrections needed. The paper shows only 
the theoretical value of this method. Taking into consideration the diverse 
character of the ingredients of concrete and the difficulty of testing such 
properties of the aggregate as shape, roughness, density, and absorption 
(during mixing and during placing), the calculation of the mix based on 
theoretical formulas can only be a first approximation which needs experi- 
mental verification. 


Basis of the method 
a The proportioning of a mix is based on: (a) water-cement ratio for a re- 
q quired strength; (b) index of consistency, described as compacting factor 
(CF); (c) formula for the quantity of cement; and (d) the formulas of the 
; aggregate proportions. 
" As to the W/C, the author does not suggest a formula, although in Refer- 
g ence 4 he developed one of his own which was a function of specific surface. — 
Eq. (3) is an inherent part of the author’s method and it relates the con- 
sistency of the concrete to weight factors such as: W/C, aggregate-cement 
ratio (NV), standard consistency of the cement (P), and the specific surface 
factor (S, in sq cm per g). 
Eq. (4) is a transformation of Eq. (3) for P = 0.28. As it turns out the 


S,. The formulas and the graphs are applicable only for concrete made with | 
gravel having a maximum size D = 34 in. The formulas are thus limited 
and do not have universal usage. 

The term of Zone 1 and 2 for continuous and gap graded aggregates, re- 
spectively, introduced in Fig. 2 has no equivalent in Eq. (3), so it limits the 
general character of the formula and the factor of specific surface. The 
deviations within the zones are considerable; for example, for S, = 30 sq 
em per g (in Zone 2) we receive 5.8 < N < 7.7, which in identical values of 
_W/C and CF gives a big deviation in the quantity of cement + 50 kg per cu 
mM. 

In Eq. (5), which serves to calculate the quantity of cement in the concrete, 
Be the factor of specific surface S, has not been taken into consideration. 

_ The proportioning of aggregates is based on the factor S, (for all ingredients) 
arrived from at Fig. 2 as well as on the factor of specific surface of aggregates 


thus change the actual value of the factor S,. 


oe The superiority of aggregates proportioned in this way, as compared to 
other methods which are also based on sieve analysis (fineness modulus, 

_ water-aggregate ratio after Bolomey or Stern’) is rather doubtful. 

ms Both the method of mix proportioning and the formulas indicate their 

limited and approximate character. It is a pity that this method, having an 


assumptions. Eq. (3) has considerable value and takes into account all 
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author uses, instead of his equations, graphs (Fig. 2 and 3) for finding N and — 


experimental foundation, does not go on trying to confirm by trial its essential ; 
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the factors necessary for the determination of the real properties of the aggre- 


_ gates. 


REMARKS ON THE FACTOR OF SPECIFIC SURFACE S, 


Neither the fineness modulus nor the density factor define correctly the 
properties of aggregates. Many authors consider that the factor of specific 
surface, used as a physical value, may be more applicable for predicting the 
properties of fresh concrete (cohesion, adhesion, and consistency) and of 
hardened concrete (compressive, tensile, and flexural strength), and so it 
may be a better way of measuring the properties of aggregates. 

As shown above, because of the diversity and shape of aggregate surfaces 
a theoretical determination of the quality of the aggregates cannot be done 
on the basis of only a sieve analysis. Therefore, the calculation of specific 
surface, based on sieve analysis, can be regarded only as a kind of fineness 
modulus. 

Similarly the specific surface factor of aggregates S, based on empirical 
formulas is only of an approximate value. Its practical importance is limited 
as it gives only an auxiliary proportioning factor. 

Kuczynski! shows that the use of the fineness modulus together with the 
density factor gives a more reliable evaluation of the properties of aggre- 
gates. Kennedy® combines the theoretical specific surface factor (calculated 
from sieve analysis) with the density factor. Others" introduce the conception 
of the surface modulus as a quotient of the density and specific surface factor 
M = DJS. 

All these factors have only an approximate value in view of a certain in- 
accuracy of sieve analysis and of determining the density. 


EXPERIMENTAL DETERMINATION OF THE QUALITY OF AGGREGATES ~ 
IN CONSISTENCY TEST 


Only an experimental determination of the quality of the aggregates in 
the concrete can be regarded as accurate. This is fulfilled by measuring the 
consistency of the concrete. 

The consistency of the concrete depends on the quantity and the con- 
sistency of the cement paste as well'as on the properties of the aggregates. 
It is obvious that a given quantity and consistency of cement paste and the con- 
sistency of concrete can determine the properties of the aggregates. Thus for a 


determined quantity of ingredients the index of consistency may be a measure 


of the properties of the aggregates. The method of measuring consistency: 
should be adapted to the kind of the concrete tested. 

- The principle of experimental determination of optional proportions of 
ageregates as a function of the consistency can be found in the works of — 
Kluz and Eyman’ and Skramtayew.!? The last one ‘recommends trial ~ 
mixes for three proportions of aggregates containing the same quantity of 


ingredients. The best of these three mixes will be the one having the highest 
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density and the greatest workability. In this mix, surplus water may be 
eliminated when having the same consistency. This concrete will usually 
prove the most dense. 


INDEX OF CONCRETE CONSISTENCY AS AN EXPERIMENTAL MEASURE OF THE 
QUALITY OF AGGREGATES 


Starting with a given mix proportion of 300 kg per cu m of cement and 
180 kg per cu m of water and using a water-cement ratio by weight for a 
standard consistency of P = 0.28, the properties of the aggregates are then 
determined. For an aggregate with a fixed Dnoz, and a fixed density, the 
consistency test becomes a case of measuring its other properties. 

These properties can be determined by means of graphs“ and/or by using 
theoretical formulas, provided they take into account all the basic factors 
that influence the consistency. 

The numerical determination of these properties for aggregates can be 
computed by using any formula for consistency, for example the formula by 
Stern’ or the equation by Dr. Singh. It should be noted that Eq. (3) by Dr. 
Singh contains all the above mentioned factors, and this is true of only a 
few other methods. 


The transformation of this equation gives the specific surface 


La = 1.23-P 0.0604 - N w 
Pee ails © es oe oe ee 
's Pt des Tie MI a QQ Ci: DeOrig ia4. eee (8) 


After rounding off the numerical cooefficients, we get 


* oe 2000 
S, = E (4, — 0.06 v) — 1.2 P| yom Per Be... (9) 


. Introducing standard conditions, such as W/C = 0.6, N = 6, and P = 0.28, 
we come to the formula 


1 
S. = 200 (a = 002) BO OUT PIG? es feo. Sieeace eae (10) =) 


This formula is also applicable for other standard conditions such as: W/C 


= 0.7, N = 7, P = 0.28; and W/C = 0.8, N = 8, P = 0.28. 


The value of the compacting factor can be determined by test. For 0.75 
< CF < 1.0 we arrive at 80 > S, > 14 sq em per g. 


In this case, it is my opinion, there are no limits for the size of the aggre- 
gate or its character (continuous or gap graded). With the above results 


and data for aggregate size, specific weight, density, and absorption, a full 


picture is obtained. A factor arrived at in such a way should not be taken as _ 
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scientifically exact or of finite character. But by employing its use we can 
determine in a remarkable way the properties of aggregates. 

It has not been the purpose of this discussion to solve the question of the 
specific surface of aggregates, which is certainly a difficult one. The purpose 
has been rather to stress the importance of the experiment in determining 
the quality of the aggregate. 

These remarks may be useful when choosing an optimal aggregate mix 
proportion. They may also be of some meaning when a standard method of 
determining the properties of aggregates is considered. 
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AUTHOR’S CLOSURE 


I am pleased to know that Mr. Day has successfully used a similar method 
of proportioning for the past 5 years; the measure of agreement between his 
experience and the method as outlined is encouraging. My work described 
in this paper was done between 1950-52 and formed part of the report by 
Newman and Teychenné® and therefore should be in agreement. Mr. Day’s 
field experience is of particular interest as I have not had the opportunity 
of applying this method to practical problems. However, there are a few 
points raised in the discussion that call for comment. 

It is stated that: “The relationship between desirable specific surface 
and aggregate-cement ratio may be misleading for it extends from the par- 
ticular into the general.’ This is not the impression I wished to convey, 
for it is clearly stated that the relationship “may have to be modified in the 
light of experience” and further “the method of proportioning put forward 
in this paper is restricted to the type and maximum aggregate size used.” 
The material passing the 100 and 200 mesh sieves will have a higher specific 
surface and as such will cause an increase in the water-cement ratio to main- 
tain a given consistency and if aggregate of the same specific surface gives. 
the same consistency and strength for a given water-cement ratio, provided 
harshness is avoided (i.e., sufficient fines), then it is somewhat difficult to 


- visualize the advantage of using material passing the 100 mesh sieve, at 


‘Jeast for normal range of mixes. It has been shown that the 52-100 size 
material tends to reduce naturally entrained air* to a minimum and it is 


*Singh, + sduperonake Grading Affects Air Entrainment,” ACI JourNAL, V. 30, No. 7, Jan. 1959 (Pro- 
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possible therefore to obtain high density without the use of material passing 
the 100 and 200 mesh sieves. 

Mr. Day remarks that I have made “a serious omission’’ by not men- 
tioning the density of packing of the coarse aggregate as a factor affecting — 
the fine to coarse aggregate ratio. It is not easy to deduce how this con- 
clusion was drawn since I listed factors that influence fine aggregate content 
for a given maximum size and shape on p. 895. I believe the particle size 

: distribution of the coarse aggregate, even with relatively great variation, is 
; of little practical significance in relation to requirement of fines. 
: The generalization that “the segregation resistance of a mix is almost 
entirely dependent on the over-all specific surface of the mix” is not easy to 
a follow, as particle size distribution and consistency are both of significant 
importance in relation to segregation. Whereas it is true that mixes with 
4 more cement (higher over-all specific surface) may resist segregation more 
s effectively, it is also true that two mixes of the same over-all specific surface 
may show different degrees of resistance to segregation, particularly if one 
of the aggregate is poorly graded and has two or more gaps. The successful 
use of aluminous cement with a lower specific surface, with an aggregate of 
lower specific surface than that suggested should not be held “to be more a 
- -variance.’’ On the contrary the opposite could be true; because of its greater 
_ coarseness and range of particle size distribution it is more likely to avoid 
a gap in grading between the cement and the fines of the aggregate. : 
It is not clear from Mr. Day’s discussion whether the 18 sq cm per g aggre- 
gate which he used successfully for a 7:1 mix was of a similar maximum size 
and shape. It is also not clear whether he used the constants supplied by 
_ Newman and Teychenné or what he calls his “‘water factor.”’ If it is assumed 
_ that his maximum aggregate size and shape and his method of deriving the 
_ specific surface were similar then it would seem that for heavy vibration 
and earth-dry mixes a specific surface lower than that suggested, could be 
_-used with advantage. 
As Eq. (4) relates consistency, as determined by the compacting factor, 
_ aggregate-cement ratio, and aggregate specific surface to water-cement ratio, 
_ it should be easy to assume a suitable specific surface for range of aggregate- 
cement ratios and then relate water-cement ratio to aggregate-cement ratio 
_ and consistency. However, it should be repeated that the equation is appli- 
cable for aggregate of similar size and shape to that described in the report. 
i ‘It should also be pointed out that the CF test becomes less and less appli- 
_ cable as the mix gets harsher and harsher. Thus with specific surface such as — 
18 sq cm per g in a 7:1 mix high compacting factor values will not be obtained _ 
experimentally. Under such conditions the estimated CF value may be 4 
= 7 taken as a wetness factor. 
| I am indebted to Professor Malinowski for making such a close study of 
the paper. : 
Efforts were made throughout to stress the limited quantitative apple ; 4 
cation of the method. Admittedly, if such factors as shape, roughness, and “ 
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absorption were included in more comprehensive experiments it would be 
possible to include them in Eq. (3) to give it wider application. However, 
Professor Malinowski should not find it difficult to concede that the method 
is applicable for aggregates classified as “irregular”? by BS-882:1947 for the 
factors mentioned will be significantly constant and trial mixes will become 
more and more important only as aggregates correspond less and less to this 
definition. : 

Professor Malinowski suggests that ‘‘the proportioning of aggregates in 
this way, compared to other methods is rather doubtful.” It is easy to agree 
with him if he means that the method has doubtful application for other 
aggregate types. This was clearly not intended. The main advantages 
claimed for the method is that it is applicable to both continuous and gap 
graded aggregate and it is based on a physical property determined by tests 
and so capable of physical interpretation. As it can be shown that neither 
the fineness modulus (and any modification of it) nor Bolomey’s method are 
applicable to gap graded aggregates and these are less descriptive of the 
aggregate properties than the specific surface, any rational method of design 
such as the one described, should have wider application. Mr. Day’s ex- 
perience may help to reduce further doubts. 

To use Eq. (1) and (2), the specific surface of each size group must be 
determined before hand by the water permeability tests’ whereas Eq. (6) 
and (7) (based on Young’s surface modulus) are suggested for estimating 
specific surface values for other types of aggregates in the absence of proper 
tests. It is difficult to appreciate the statement that “specific surface based 
on the sieve analysis is a kind of fineness modulus,” and it would appear that 
Professor Malinowski overlooked (a) that there is no reason why the sieve 
analysis should be less accurate when calculating (or estimating) specific 
surface compared to other indices of grading, and (b) the surface modulus is 
more closely related to specific surface than the fineness modulus. 

The fact that no equivalent for Zones 1 and 2 (Fig. 2) exist in Kq. (3) or 
the absence of S, from Eq. (5) should not be regarded as valid criticisms. 
Contrary to what Professor Malinowski tries to infer, Eq. (3) cannot be taken 
to give any indication of acceptable S, values with respect to N. Eq. (8) 
obviously has limited application for it does not take into account all variables 
‘as he rightly points out. 

Acceptable S, values with respect to N is conditioned by other factors 
and independent of any variables in Eq. (3). As the specific surface of the 
sand increases, its volume required to give a desired S, value decreases and 
could do so to a point when the voids in the concrete cannot be filled. There- 
fore as the sand becomes finer a higher S, value is allowed to overcome harsh- 
— ness which is the explanation for Zones 1 and 2. A variation within a zone is 
permitted to allow fora variation in “fatness” to suit the conditions of the job. — 
S, should not be expected to appear in Eq. (5) when its suggested use is simply ~ 
to calculate the quantity of each component that when combined will give 
_Athe required consistency and strength. 
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Professor Malinowski goes on to state “for S, = 30 sq em per g (in Zone 
2) we receive 5.3 < N < 7.7, which for identical values of W/C and CF 
gives a big variation in the quantity of cement + 50 kg per cu m.” It is 
obvious that W/C and CF cannot be identical if N is varied. For example, 
for W/C = 0.5 and S, = 30 sq em per g, CF will be 0.86 for N = 5.3 and 
CF = 0.73 for N = 7.7. Thus the + 50 kg per cu m variation found by 
Professor Malinowski is not a valid criticism. It simply shows that for a given 
W/C ratio a lean mix at a stiffer consistency will result in a saving in cement. 


Professor Malinowski’s statement that ‘‘a given quantity and consistency 


of cement paste and consistency of concrete can determine the properties 


of the aggregate” might not be taken seriously but he goes on to express 
S, in terms of CF. For N = 6, W/C = 0.6 and P = 0.28 he obtains S, = 
200 [(1/CF) — 0.92] sq em per g. He states that ‘this formula is applicable 
for other standard conditions W/C = 0.7, N = 7, P = 0.28, and W/C = 
0.8, N = 8, P = 0.28 for various types of concrete.” A simple calculation 
will show the 0.92 term varies from 0.90 for N = 8 to 0.97 for N = 5 for even 
his standard conditions and therefore his statement about the general applica- 
tion of the formula is in doubt. 

The equation is used to calculate S, for 0.75 < CF < 1.0 and he obtains 
80 > S, > 14 sq em per g and he concludes that ‘‘In this case, it is my opinion, 
there are no limits for the size of aggregates or its character (continuous or 
gap graded).”’ Apart from the fact that this equation is in doubt even for 
Professor Malinowski’s standard conditions, his interpretation is clearly 
erroneous for the only interpretation that can be given to the results obtained 
is that provided N = 6 and W/C = 0.6, CF will increase from 0.75 to 1.0 
if S, is decreased from 80 sq cm per g to 14 sq em per g. As Eq. (3) was ob- 
tained for 34-in. aggregate, and aggregate size is of importance, no amount of 
juggling could prove that it is applicable to other aggregate sizes. 
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Disc. 55-60 


Discussion of a paper by Warren A. Shaw and J. R. Allgood: 


Blast Resistance of Reinforced Concrete Beams 
Influenced by Grade of Steel* 


By M. J. GREAVES, K. E. McKEE, and AUTHORS 
By M. J. GREAVES} 


Although the authors have made a valuable contribution to the literature 
on blast resistance of reinforced concrete beams, much work remains to be 
done to collect the necessary physical data to define and extend the scope of 
application. 

The authors state: “In most blast resistant construction the design ob- 
jective is a structure whose deflection will be less than some specified limit 
under the design loading.’ This design objective is reasonable and suffi- 
ciently broad to cover most circumstances including situations where the de- 
flections are elastic and at the other extreme, deflections which approach 
total failure. The authors’ second criterion appears to encompass this design 
objective. 

However, a loose application of the authors’ first criterion by an inex- 
perienced designer may lead to the questionable conclusion that a beam 
which fails has performed better than a beam which suffers no damage. — 


By K. E. McKEEt 


The authors are to be commended on their paper—the most rational ap- 


‘proach published to date on the influence of the grade of reinforcing steel on 


the blast resistance of reinforced concrete beams. It was demonstrated that 
the ability of a beam to resist loads depends not only on the grade of steel 
but also on the ratio of load duration to the period of vibration and on the 
failure criteria. This shows a general fact relating to blast resistance—the 
“best” material or design may vary with several parameters and the selection 
should be based on a dynamic analysis for the specific problem of interest 
rather than on generalized finding. 

The approach used by the authors makes use of data of modified static 
resistance. This is the general approach which commonly has been used in 
blast effects work. Ideally one would prefer to use the resistance-displace- 
ment which the beams exhibit when subjected to dynamic loads. Since 
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some dynamic data is available,” consideration could be given to this data 
to determine if the resistance-displacement under static loads is a suitable 
representation. 

One of the requirements presented for concrete beams designed to with- 
stand large plastic deformation is “compression steel should be used... ” 
The presence or absence of compression steel would not seem to be critical, 
depending primarily on the load capacity required. The requirement, also 
given in the paper, that the beam be underreinforced would appear to be of 
greater significance in preventing compressive failure of the concrete. 


Analyses included in the paper were based on initially peaked triangular 
loads. This simplified load form has great practical advantages, but its 
limitations should be kept in mind. The durations considered in the paper 
are for the initially peaked triangular loadings—it is necessary to know the 
relationship between this simplified loading and the actual loading if the 
actual duration is to be determined. Selection of the initially peaked triangu- 
lar load to represent an actual loading may itself present a difficult task. 
In the general case one must carry out a response analysis for the actual 
loading and then select a triangular load that would result in essentially the 
same response. For the purposes of the paper, however, direct use of initially 
peaked triangular loads is suitable and clearly demonstrates the influence of 
load duration. 


AUTHORS’ CLOSURE 


The authors appreciate the comments by Mr. McKee and Mr. Greaves. 
Mr. McKee has pointed out the desirability of using the resistance-displace- 
ment relationship exhibited when beams are subjected to dynamic loads. 
In Reference 6, this relation is discussed in conjunction with dynamic tests 
on 6 ft long reinforced concrete beams. It is shown that the resistance- 
displacement relationship for these beams is in fairly good agreement with 
the modified static resistance as used in the paper. In general, it is believed 
that the results obtained from the use of such modified static resistance 
relations will be sufficiently accurate for design purposes. 


Mr. McKee also questions the need for compression steel to enable rein- 
forced concrete beams to withstand large plastic deformation. Reference 
11 provides experimental justification for this requirement. ; 


Mr. Greaves comments on the criterion of beam behavior which would 
allow the beams to deflect to their ultimate deflection. He is concerned 
with an inexperienced designer incorrectly concluding that a beam which 
fails has performed better than a beam which suffers no damage. It was not 
necessarily expected that the first criterion mentioned in the paper would be 
used as a design criterion—rather it was used as a means of determining the 
maximum dynamic load which could be applied to a beam. It is expected 


that a design criterion would be used which expresses the maximum allowable 
deflection in terms of the span length of the beam. In any case, however, — 
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designers would be expected to use engineering judgment so as to avoid the 


- - pitfall posed by Mr. Greaves. 


It should be emphasized that the information presented in the paper is 
in a form adaptable for analysis. In general, however, the engineer will have 
a greater need for design information. A report is presently in preparation 
at the U. 8. Naval Civil Engineering Laboratory which presents design charts 
for the selection of beams with suitable sections to resist a given blast loading. 

The writers would like to point out that in the preparation of the figures no 
consideration was given to the increase in concrete strength with strain rate. 


This would slightly alter the results for small ratios of :/T. 
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Discussion of a paper by Edward A. Abdun-Nur and Joseph J. Waddell: 
Control of Concrete Mixes™ 
By BRYANT MATHER, LEWIS H. TUTHILL, and AUTHORS 


By BRYANT MATHER{ 


The authors’ approach to control is generally to be commended, since 
it is based on sounder scientific principles and at the same time is more prac- 
tical than many approaches that have previously been employed. The 
authors speak of “indoctrination . .. in the intent of the specifications” 
as a “principal accomplishment of the first season’s work.” They describe 
the specification requirements and state the criteria for considering that 
concrete has failed to meet these requirements. The examples of control 
that are described include some where the concrete produced consistently 
met the specified requirements, one which started outside the requirements 
but later came in, and one “that was bad from the beginning.” They add 
that it was gratifying that of some 50 contracts “the end of the first season 
saw practically all of them meeting the requirements.” The authors do not 
state what penalties were imposed for failure to comply with the require- 
ments or what disposition was made of the concrete that failed to comply. 
For the reader to visualize the way in which the control was effected it is 
believed necessary for the picture to be completed by describing the con- 
tractual provisions that motivated the contractor to furnish concrete com- 
plying with the required control requirements. 

The decision to use cements obtained under a specification that limited 
the alkali content to 0.7 percent, since the alkali-aggregate reaction to be 
expected was “rather mild” is described as a “calculated risk.” It would be 
helpful in evaluating the circumstances that pertain to this “risk” if additional 
data could be provided indicating what criteria of mildness might be em- 
ployed on future work that might justify similar calculated risks. 


By LEWIS H. TUTHILL{ 


Messrs. Abdun-Nur and Waddell are to be commended on the considerable 
effort they have made and congratulated for the remarkable results they 
accomplished on such a widely differing and fast moving operation. The 


value of the approach they have taken, in the preparation of advanced speci- 
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TABLE A—APPROXIMATE STRENGTH VARIATIONS FOR THREE CLASSES OF 
CONCRETE USED ON NORTHERN ILLINOIS TOLL HIGHWAY 


Cement, 
, Class sacks Strength, 

per cu yd psi 
i M 53 3150 to 6300 
ot ike ais ) 3050 to 5450 
Fig. 3 K 5% 3000 to 5600 
Fig. 4 K 4 2550 to 5000 
Fig. 5 R 734 4000 to 7200 
Fig. 6 K 534 | 2550 to 4500 
6% ) 2650 to 4500 


fications for the work and the on-the-job control they have described, is 


apparent in the immediate results even as measured by concrete strength 


tests, and I predict will be further confirmed by an unsurpassed service record 
in the years to come. It is a procedure and a result well worth emulation on 
other elements of our great national highway program. 

It is most regrettable, in this day of rockets to the moon and submarines 
traveling under and rising at will through the polar ice, that such a splendid 
effort to obtain quality and uniformity as the authors have described, has 
no better means of measurement than the mercurial results of compressive , 
strength tests of concrete test cylinders. It is felt that such varying results 
leave much to be desired as a means of measuring concrete quality, despite 
the authors’ seemingly casual acceptance of and lack of concern for low tests 
within 30 of the average, which are permissible according to the rules of 
statistical control, so long as the required average strength is obtained. Aside 
from these rules, it is suggested there is reason to question whether the ex- 
tremes in strength indicated actually exist in concrete in place. 

In view of means used to automatically provide basic uniformity in the 
concrete mix, such as tested uniform aggregates, automatic weigh batch- 
ing, moisture meters, finish screening, and W/C, slump, and cement content 
limitations which were followed, it is seriously doubted that concrete per- 
formance at the project actually ranged in approximate strength as given in 
Table A*. 


Nevertheless, such spectacular spreads between highs and lows, and others » 


approaching them, are obtained from test cylinders and make disturbing 


configurations on control charts such as the authors have presented. But 
are they real? Is there concrete of this implied range of quality in the project 
structures and paving, despite all the fine equipment and controls which 
have been provided? Probably not, unless specification requirements and 
mix limitations were sometimes flagrantly violated. Most of these require- 
ments, such as high slump and W/C, can be readily noted by inspection, 
and corrected as they approach limiting values; action on such matters should 
not and seldom does await the outcome of concrete test cylinders. 
*Compiled from data taken from Fig. 2-6. 
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Moreover, such spreads in strength cannot be explained by any of the 
discernable or likely variations in slump or W/C. Specifically, it is unlikely 
that slump ranged more than 2 in. below and 2 in. above the average. Even 
so, at these extremes, other things being equal, water content would not be 
decreased more than 7 percent or increased more than 5 percent. The average 
effect on a W/C of 0.50 would be to increase or decrease it about 0.03 for a 
range of 0.06. From any of the conventional W/C-strength curves it will 
be noted readily that strength changes about 100 psi for each change of 0.01 
in W/C. Thus from the widest probable range in slump, we can account for 
only about 600 psi or only about 14 of the average of the ranges shown above 
in Table A. 

Neither can these ranges be explained by any probable variation in per- 
formance of the automatic cement weighing equipment used. Other things 
being equal, a 6 percent reduction followed by a 6 percent increase from the 
correct amount would be required to produce the above 0.06 range in W/C, 
with corresponding results. In a 534-sack mix this would imply a variation 
in measurement of 0.35 of a sack per cu yd or a range of 0.70 of a sack. Ac- 
cordingly, about four times this variation (1.4 sacks) and range (2.8 sacks) in 
cement measurement would be required to account for the full average range 
noted in the strength tests. A range of nearly 3 sacks in the accuracy of 
cement batching is not credible. 

Perhaps statisticians would say that all such things happening at once 
cause these extremes. It is conceivable, but probably unlikely. For in- 


stance, without adjustment of other batch quantities to maintain yield, such | 


extra cement would cause much of the 2-in. reduction in slump, examined 
above. Consequently, with inspection that would certainly take action on 
slumps deviating 2 in. from the desired average, by rejecting mixes too wet 
and adding water to dry ones, and since certainly no samples of these un- 
acceptable mixes would be used to represent job conditions, it therefore seems 


that the full combined effect of these two variables, which affect strength 


most, could not occur. 

Thus it is difficult to identify and doubtful if there are other factors which 
could actually change the strength of concrete, as mixed and in place, enough 
to account for most of the other 2/3 of the spread. It is therefore questionable 
that such extremes in strength or quality actually exist in concrete in place 
on such a well controlled job as the authors have described. If they do exist, 
it is likely that they represent only one batch and not the day’s work. The 
low extreme could just as well have occurred in some untested batch on the 
day an extremely high value was obtained, yet neither would represent the 
general character of concrete placed that day or either day. 

It is not easy to get a high test from low strength concrete but there are 


-. many things that can reduce a test result from what it should be. Omitting 


all aspects of dishonesty, high strengths are more believable than low ones. 
Improper high strengths have been obtained by such means as taking the 


~ sample before adding water to truck-mixed concrete, adding extra cement to 


heel 


1546 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 Sept. 1959 


the test batch, selecting a very low-slump batch for the test batch, drying the 
cylinders before testing, or high rates of loading during testing. 

But there are many things which can affect a test result unfavorably, 
the prominent among these are: unrepresentative sampling; irregular or 
rounded ends on test cylinders as molded; poor consolidation; uneven dis- 
tribution of aggregate; inadequate early protection from drying, temperature 
extremes, and physical damage; improper capping; eccentric loading; and 
sluggish indicators on testing machines. Any of these careless practices can 
cause results that are misleading and adjustments based on these results 
often are not justified judging by the actual quality of concrete produced. 

Before any penalty or expensive action is taken because of such low strength 
test cylinders, a thorough review should be made of test procedures since 
they may have contributed to the low results. Another precaution should be 
a careful study of cement composition and cube strength results to determine 
if the low concrete strengths correlate with low cement tests or with lower 
than usual amounts of C;A or C;S. If there has been such a change in com- 
position, 90-day strengths will usually be up to expected strength. 

If there is still doubt as to the strength and quality of concrete in place, 
the concrete test hammer may be used to make comparative observations. 
To do this, several score of readings are taken on sound, well-cured, surfaces 
of the concrete in question and compared with corresponding readings on _ 
concrete surfaces that are considered satisfactory. After corrections have 
been made for any difference in age of the two surfaces, it will be reasonably 
apparent whether the questioned concrete should be further investigated. 
Any further doubt may be resolved by comparing the strength of drilled core 
specimens from the same two concretes. 

Some may question use of the concrete test hammer on the grounds that 
the variations and extremes in its readings usually exceed considerably the 
questioned variations and extremes among the compressive strength test 
results. But it is not the purpose of this discussion to question the validity 
of these compressive strength test extremes. It is rather to question what 
they are too commonly taken to represent; i.e., all the concrete of the day, or 
shift, or area from which the test cylinders were taken. It is true that test 
hammer readings vary widely due to the blow occasionally hitting a stone at 
the surface, an air pocket just under the surface, or other local variables of | 
small area and negligible significance. But if an ample number of readings 
are taken and are well distributed over the concrete in question, and if low 
readings prove to be well distributed, the average of all the readings will be a 
fair indication of the quality of this concrete, despite the range in individual 
readings. Actually, because the high and low readings are not representative 
of the general quality of concrete because of the local conditions mentioned 
above, the official test hammer instructions recommend that “the best 10 out 
of 15 readings be used.”” By best they mean the ten closest to the mean value. 
The reasons for the extremes in compressive strengths of test cylinders are 


much more obscure, and thus such extremes should be considered only statis- _ 


| 
| 
' 
| 
| 
. 
; 
| 


| ae 


LM, 
een 
bs sn. 


ce Pak 


\ 


Te ee es 


Ne ee UN Te TE, 


sabi aia dha ila ua aan 


CONTROL OF CONCRETE MIXES 1547 


tically; it is what they truly represent that is important. When they are 
believed to represent the day’s work, this conclusion may be seriously ques- 
tioned; further data is needed to prove that all concrete placed that day is of 
this quality. 


Concrete test cylinders are a convenient and relatively inexpensive means 
of obtaining an indication of the strength of job concrete. In general, they 
are a reasonably reliable means of establishing a certain measure of average 
concrete quality. Nevertheless, their limitations should not be forgotten, 
and they should not be used as the only and final basis of judgment where 
expensive acceptances, replacements, or cement additions are at stake. As is 
so well pointed out in “Recommended Practice for Evaluation of Compression 
Test Results of Field Concrete (ACI 214-57),’’ ACI Journat, V. 29, No. 1, 
July 1957 (Proceedings V. 54), p. 10: “inflexible strength requirements are 
unrealistic and control of the pattern of results rather than individual values 
is the most appropriate basis for both specifications and the general assess- 
ment of results.” 


AUTHORS’ CLOSURE 


The authors appreciate the thoughtful discussions by Messrs. Mather and 
Tuthill and will attempt in the following paragraphs to answer some of the 
questions. 


Mr. Mather’s question regarding “contractual provisions that motivated 


the contractor to furnish concrete complying with the required control require- 
ments” is answered in principle by the last paragraph on p. 948. In practice, 
the specifications required a lower average strength for the better uniformity, 
other things being equal, and a higher average strength for lesser uniformity. 


This in turn meant that less cement was needed to obtain the lower average 


which accompanied high uniformity, thus higher profit to the contractor; 
and more cement to meet the higher average strength required by lower 
uniformity, thus raising the contractor’s cost. This is the incentive that 
motivated the contractor to work toward a higher degree of uniformity. 


As for penalties for failure to comply with the concrete strength require- 
ment for any given operation, this is always a matter of engineering judgment 
and a decision for the engineer administering the contract to make when 
faced with a specific instance and its existing factors. This type of control 
being a new approach unfamiliar to contractors and inspectors alike, it was 
expected that there would be a short “starting adjustment period” in which 
both the contractors and inspectors would be getting their bearings, and 


during which period some strengths would be somewhat lower than the 


specification requirements. In these starting periods, placements were limited 
to small volumes in relatively noncritical locations, simply because the work 


had not gained the momentum that developed into large daily yardages 


_ later on. 
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The policy adopted was to carry “training” to the field under actual op- 
erating conditions, and to work with the contractor and inspectors to adjust 
and modify operations to permit meeting specification requirements. As 
long as the contractor was cooperative, and the strength reasonably close to 
the requirement, nothing was done except to help him smooth his operation, 
but in other cases, the cement content was raised, thus forcing the contrac- 
tor to do something about his work in self-defense against the higher cement 
content. 


The limitation of 0.7 percent for the alkali in cements to be used with 
certain potentially reactive aggregates, was a matter of specification inter- 
pretation rather than a requirement. The specifications did not contain a 
limit on alkalies in cement, but had an acceptance provision based on satis- 
factory service records in similar structures in the area. This provision was 
invoked whenever a high-alkali cement was proposed for use with aggregate 
that showed potential reactivity. There being no time available for expan- 
sion bar tests, reliance was placed on petrographic examinations and judgment. 
When such conditions occurred, structures in which such combinations had 
been used were examined visually in the field and small samples were recoy- 
ered and examined petrographically for signs of reaction. In most instances 


- it was concluded that a rather mild reaction existed, which although prob-— 
ably not detrimental per se, might open minute cracks to the freezing action ° 


of water, which would then do the major damage. Where such questionable 
combinations occurred, most cement suppliers were able to furnish cement 
much lower in alkali than the limit of 0.7 percent which was judged adequate. 
In one instance, where this was not feasible, switching the cement to other 
contracts with nonreactive aggregate was found possible. 


In other words, the answer to Mr. Mather’s questions is that the con- 
tractual meeting of the specifications is more a matter of engineering judg- 
ment and interpretation than of mathematical statistics, as in the field many 
factors are intermixed and cannot be isolated in the same manner as in a 
research project in the laboratory, and at the same time, decisions have to 


be made without the benefit of answers from thorough research studies. 


Statistical control does, however, provide a mathematical tool that will 


permit the engineer to ascertain, within given probabilities, whether the 
concrete delivered to the forms is produced under ‘control’ conditions or : 


whether there are variations that have assignable causes that can be corrected. 


Of course, the quality of the concrete shown by the control cylinders and 
that in the structure are not necessarily the same, as the cylinders and the 


structure part company soon after they are made. This is the major point 
raised by Mr. Tuthill. 


Mr. Tuthill questions the validity of the use of concrete compressive 
strength cylinders as a measure of the variations in the strength of the con- 


 erete in place in a structure. The authors would like to point out that the — 
paper deals with the control of concrete mixes, and that nowhere in the paper 
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have they attempted to translate that into the control of variables in placing, 
curing, and protecting the concrete, and its final quality in the structure. 

After concrete control cylinders are made, they are subject to some un- 
controllable variations, which were maintained at a minimum on this project 
through measures of uniformity described in the paper. The test results 
represent the potential qualities of the concrete as delivered to the forms, 
as shown by the compressive strength tests made and handled under standard 
conditions, which are the best that our present knowledge of the subject 
has to offer. After the concrete is deposited in the forms, it too, is subjected 
to a set of variables that cannot be controlled even with the best procedures— 
variables of placing, vibrating, segregating, consolidating, finishing, curing, 
protecting, exposure to early mechanical and temperature variations, and 
many other unknowns. These latter variables are not subject to measure- 
ment and can be minimized only through mechanization, automation, and 
inspection. Whether these variables have the same net effect on the fin- 
ished structure as the variables to which the cylinders are subjected is a 
matter of conjecture. 

Proof on this point is lacking and inadequate. Some studies have been 
made comparing control cylinders with cores taken from the structure, but 
it must be noted that the cores, after they are taken, are subject to the same 
variables as the cylinders. Such things as conditions of moisture at testing, 
capping procedures, capping materials, accuracy and adjustment condition 
of the testing machines, and many other factors affect the tests in both cores 
and cylinders. In addition, due to the later age at which cores are taken, 
they would normally show a higher strength than 28-day cylinder strengths. ~ ; 
A review of a large amount of published and unpublished data reveals that 
there are many cores that show lower strength than corresponding cylinders, 
while a large number show higher strengths. Another factor that makes 
comparisons uncertain, is that the published material comes more frequently 


~ from large well controlled projects than from small uncontrolled structures. 


One accessible source of such data is Table 3 in the Bureau of Reclamation 
manual,! in which both higher and lower strength cores are compared to cylinder 
strengths. 

It is the opinion of the authors that using best practices of placing, curing, 
and protecting concrete a structure is probably better (strength-wise) than 
the cylinders representing the concrete that went into the forms. This applies 
mostly to structures placed under proper control and inspection. On the 
other hand, structures placed sloppily without specifications and inspection, 
under highly competitive workmanship and bid prices, particularly on such 
projects as houses, driveways, sidewalks, small buildings, etc., the sum total 
of which represents a larger volume of concrete than the larger more ade- 
quately controlled projects, will probably have more variations and be of 
lower strength than the cylinders supposedly representing them. 

-Mr. Tuthill doubts that the structures contain concrete of the range shown 


- by the cylinders, and gives a detailed analysis to-show that the extremes 


” } 
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TABLE B—ANALYSES OF USBR JOBS shown in the control charts could not 


tae have existed, in such a well controlled 

the? Ouse seciscbon bdr Easton + job. It is the opinion of the authors 
1949 15.4 that such variations in concrete do 
7a ie exist in well controlled jobs, and that 
1952 14.1 such variations are far worse in poorly 
ond tr controlled or noncontrolled jobs than 
_ those shown in the paper. Perhaps 


the best study on variations in con- 
crete control is the series of yearly analyses made of Bureau of Reclamation 
jobs a few years ago. Table B gives weighted average coefficients of variation. 
The coefficients of variation shown in the paper range from 10.7 to 16.2 
percent, with an average comparable to that experienced by the Bureau of 
Reclamation. Therefore, the extreme variations shown in the paper are 
apparently similar to those experienced on other well controlled projects. 
The reasons Mr. Tuthill was unable to justify such extremes from his caleula- 
tions are: 


1. Cement strength variations were not considered. 

2. ‘The factors used in the calculations were taken from average curves (instead of 
the extreme variation of those average curves), and are then compared with the extremes 
of the control curves presented. 


The variability in the strength of cement has been frequently discussed 


in the literature. Among these discussions are the recent paper by Walker 
and Bloem? and the paper by Wing and Ruettgers* in 1943, in which the 
latter conclude that 40 percent of the cylinder strength variation was ascribed 
to cement variations. 

A study by Wing, Price, and Douglass‘ reported in 1944 indicates that 
cylinders made and tested in both research and field laboratories gave an 
average within-batch coefficient of variation of 3.4 percent, indicating that 
the compressive cylinder test per se is reasonably reliable, whereas under the 
same conditions and in the same laboratories, the average batch to batch 
coefficient of variation was found to be 12.48 percent or over three times 
the within-batch value. If such differences can exist under laboratory con- 
ditions, it is the opinion of the authors that the coefficients of variation shown 


in this paper represent excellent control when it is realized that under field 
conditions it is impossible to attain the uniformity in batching a is at-— 


tained in the laboratory. 

That there were occasional batches that were too high in slump, or that 
were not mixed properly, or in which there were errors in weighing or in air 
entrainment, the authors have no doubt, but that such were general prac- 
tices, the authors are sure was not the case. On this project, if the testing 
program called for a test, and the batch happened to be an off-batch, the 


_ test was made anyway, as should be the case in all random sampling for 


statistical control. Not to sample under such conditions would be a serious 


error, and would provide a record that does not represent the facts. For — 
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i statistical control to function properly and for the data from it to be valid, 
; sampling must be frequent enough so that the “law of large numbers” can 
be applied, and it must be random. One sample to represent a day’s pro- 
4 duction would not, on the average job, qualify under the former, and selective 
, sampling in which the inspector deliberately chooses the batches from which 
g cylinders are made would void the “random” sampling requirement. 
a It must be stressed that on a fast moving paving or structural job, by 
4 the time an inspector makes a test to objectively determine the slump, there 
a would have been several batches dumped on top of the one tested and mixed 
Z together so that it would be impossible to reject the poor batch. Once a 


“controlled”? operation is reached, it is much better to accept the statistical 
fact that random variations are going to occur and not lose sleep over the 
individual variations, as long as the over-all average is adequate and no 
extremes occur outside of the + 3c range. In the long run, control under 
such a scheme is far superior to standing at the forms watching every single 
batch that goes in and visually rejecting every one that appears too wet. 

At no time on this project did one single test represent a day’s work, and 
it is inconceivable that anyone would consider one test per day as a useful con- 
trol on a large project. In fact, such an approach would not be statistically 
valid. The specifications required that three sets of cylinders be made for 
each 2000 sq yd of pavement or fraction thereof placed in any one day, and 
similarly, three sets for each 100 cu yd or fraction thereof for structural con- 
crete placed in one day. An average day’s paving on one contract would 
have required nine sets of cylinders, and many structures the same number. 

Unless an operation has a badly skewed distribution curve, a high strength 
test is as likely to occur for a given coefficient of variation as a low one. Actu- 
ally, unadulterated dishonesty on the part of inspectors, who have been put 
on the spot of enforcing unenforceable minimum strength specifications, has 
been observed in the making of cylinders prior to the addition of tempering 
water, or in over rodding each layer in the making of the cylinders. Under 
such circumstances, a good cylinder strength is shown in the record, but does 
not represent the concrete in the forms. One of the advantages of working 
with averages, and not being disturbed by individual variations, is that it 
~ permits the inspector to be honest without making him feel that he is going 
to be disgraced or lose his job if a cylinder turns out low in strength. 
| Regarding the various items that could contribute to lowering of cylinder 
strengths, statistical treatment of data recognizes the fact that some of these 
variables together with variables tending to increase the strength of cylin- 
ders do occur in various combinations each time a cylinder is made, and 
allows for such random and uncontrollable variations as being the order of 
the day for a given operation. As long as actions taken to correct mixes 
are clearly designated in the specifications and the basis of adjustment clearly 
given as being based on cylinder strength, and the contractor enters into a 
contract based on these, it does not matter what the corresponding condition 
in the structure might be, as long as it meets its specification requirements. 
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By this, it is meant that if the compressive strength to be met is clearly out- 
lined in the specifications as being the result of cylinders made, cured, and 
tested under certain conditions, the cylinder strength is what should deter- 
mine compliance with the contract, and not the probability that the strength 
of the concrete in the structure might be higher. The authors do not see 
any hardship on the contractor in being asked to fulfill his contract—he 
entered into it with his eyes open and could read the requirements clearly. 

Paving work and much of the structural work go too fast to practically 
utilize Mr. Tuthill’s suggested analysis of cube strengths, CsA and C,S content 
of the cement. It must again be stressed, that once the operation is under 
satisfactory control, one has reasonable assurance that the cylinder strengths 
will fall in the proper pattern when the 28 days come around, and they then 
become something for the record—to confirm that the job was done properly. 
Controlling the operation in such a manner as to get the proper results at 
28 days is the key to the situation and tests the skill and knowledge of the 
concrete engineer. 

As for the test hammer, many investigations, among them the thorough 
study by the Bureau of Public Roads,* have shown that the readings are 
sensitive to many variables (much more so than the compressive strength 
cylinder test), and have concluded that such readings are a good guide to 
judgment, when used judiciously, but cannot replace compressive strength 
cylinders for control purposes. Many years ago, the Bureau of Reclamation 
used a test based on the same principle, utilizing a steel ball dropped from a 
standardized height, and after much data had been collected, it was found to 
be unreliable, and its use has been discontinued. This type of test depends 
on the modulus of elasticity more than on the strength, and the rebound tests 
one small spot only, and each spot tested is different from the others; whereas 
to measure the composite strength of concrete, a summation or an integration 
of the effects of all the components is needed—a function that the compressive 
strength cylinder does reasonably well. 

If the pulse velocity method could be developed and simplified to where 
it can be correlated with strength, it would be an ideal method of measuring 
the strength of concrete in place, as it measures a summation or integrating 
of the various components of the concrete. 

The closing quotation in Mr. Tuthill’s discussion is exactly the basis on. 
which the specifications of the Northern Illinois Toll Highway were de- 


veloped. The authors are happy to see that in spite of Mr. Tuthill’s apparent 
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disagreement in the body of the discussion, he finishes by agreeing with the 
basic principles the authors used on this project. 


The authors’ viewpoints may be summarized as follows: 


1. The contractual meeting of specifications and their enforcement is more a matter 
of engineering judgment and interpretation than of mathematical statistics. 

2. This paper deals with control of concrete. mixes, and not with the strength of 
concrete in structures. The compressive strength test is still, to the best of the authors’ 
knowledge, the best available tool for this purpose. 
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3. For valid statistical conclusions, the number of batches sampled must be swffi- 
ciently large to make the application of the law of large numbers valid, and the sam- 
pling must be random, otherwise statistical analysis will give an erroneous picture. 

4. The variations shown in the paper are not “‘spectacular,”’ but represent rather 
good control judged by present day concrete know-how. 

5. The judicious use of the test hammer, although a good tool to guide judgment, 
involves many more variables than the compressive test cylinder, provides spot read- 
ings rather than an integration of the component action of concrete, and is therefore 
in the opinion of the authors, useless as a tool for control purposes. 

6. It is hoped that before long, developments in pulse velocity techniques will re- 
sult in simplified methods that will permit, with proper calibrations, the nondestructive 
measurement of concrete strength in given structures. With the increased use of 
the equipment it is probable that the cost of the apparatus will be reduced to bring it 
within the reach of the average job. 


The authors are grateful to Messrs. Mather and Tuthill for their discussions 
which have afforded the opportunity to clarify some points that may not 
have been sufficiently clear in the original paper. 
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Discussion of a paper by A. M. Neville: 
Role of Cement in the Creep of Mortar’ 
By A. DE SOUSA COUTINHO, KIYOSHI OKADA and AUTHOR 


By A. DE SOUSA COUTINHO}{ 


One of the most important properties of concrete which is still hidden under 
a thick veil of mystery is creep. Actually there is as yet no theory which 
satisfactorily explains this phenomenon; any explanation of it one tries to 
give clashes against some other experimental data with which it does not 
agree. 

At the present state of our knowledge, we think that the most promising 
way for studying creep in concrete is to search for a relationship between 
creep and other already known properties of concrete such as strength, which 
is a more or less known and mastered property. 

For this reason, we consider the author’s work to be one of the most im- 
portant carried out in the field of creep up to the present. We arrived at 
similar conclusions 5 years ago in a work which, being written in Portuguese, 
did not come to the author’s attention. In that paper*’ we studied the crack- 
ing of cement, mortar, and concrete due to their restrained shrinkage. 

This study on cracking was conducted by using concrete rings which were 
cast around metallic rings having low deformability but sufficient to allow 
the measurement of stresses in them. The stresses in the metallic ring being 
known, it is then easy to calculate the stresses in the concrete ring. The 


-concrete ring had an 8 cm square cross section with a 65 cm interior diameter, 


The paramount factors studied were those influencing cracking and stresses 
developed in restrained concrete shrinkage. These factors were richness of 
cement, maximum size of aggregate, quantity of mixing water, and cross 
section of the specimen. The main conclusion reached in this work was that 
the cracking tendency was greater when the strength of concrete was lower. 
Stresses due to restrained shrinkage change little, only a few kg per sq cm, 
when each of the above factors varies. But the variation of tensile rupture 
strength is much more pronounced, and, when concrete strength is low, 
cracking occurs more frequently. 

The study also included creep tests which, for the sake of convenience, 
were made on compression specimens. These creep tests were performed 


3 on specimens 7 days old, cured at 70 percent relative humidity and at a tem- 


+A CI Journat, V. 30, No. 9, Mar. 1959 (Proceedings V. 55), p. 963. Disc. 55-62 is a part of copyrighted Jour- _ 
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+Research Engineer, Head of Concrete and Cementitious Materials Division, Laboratorio Nacional de Engen- 
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perature of 20 C. The specimens tested were prisms having square cross 
sections with sides ranging from 8 to 20 cm long. Applied stress for the 
ereep test was 30 kg per sq cm in every case. 

In these creep tests, different values for richness of cement, maximum size 
of aggregate, quantity of mixing water, and cross section were used. 

The instantaneous elastic strain (after several cycles of loading and un- 
loading at 30 kg per sq cm) was measured at the beginning and the end of 
the test. The ultimate strength of the specimen was also measured at the end 
of the 11-year test. 

For each loaded specimen there was a companion specimen for correction 
of shrinkage. The ultimate strengths of these specimens were determined 
at the same time as the loaded specimen. The experimental data showed 
that loaded and unloaded specimens had exactly the same ultimate strength. 
The experimental data also showed this important fact: the greater the ulti- 
mate strength, the less the creep. 
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Fig. A—Effect of cement content and maximum size of aggregate on the compressive — 


creep of concrete. Dashed lines concern concretes with 2 in. maximum size aggregate, 
and concretes with a cement content greater than 1000 kg per cu m (1690 Ib per 


cu yd), experimental results lacking. Creep was determined at 1 year. Section of - 
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Fig. B—Relation between 


neous elastic strain, €c. Results 
obtained were from compres- 
sive creep tests 
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Some of the important results of creep tests concerning the richness of 
cement and maximum size of aggregate are shown in Fig. A. This figure is also 
an answer to the “question” asked by the author, p. 982: “It is not possible 
however, to state whether richness of mix is a factor in creep. This can be 
established only from tests with a graded aggregate on a wider range of mix 
proportions.” 

Actually Fig. A shows that the richness of mix is a factor in creep and that 
it has a double effect on it. In the lean concrete with a maximum size of 
aggregate greater than, say, 14 in., when the cement content increased up to 
400 to 500 kg per cu m, creep decreases as strength increases. The same is 
true for concrete with a maximum size of aggregate less than }4 in., for acement 
content below 1000 kg per cu m. When the cement content exceeds these 
limits both the ultimate strength and the creep increase, which is due to 
overabundance of cement paste in the concrete. 

_ From these tests, a relationship is obtained between the ratio ¢./€ (¢ = 
mean of elastic strains measured at the beginning and at the end of the test; 
€ = creep strain) and the rupture stress of concrete, or. This relationship 


is shown in Fig. B. 
The general equation of these curves is 


‘In a first approximation we can write 


€e 
Or = A; + a2 = 
€ 


a and, introducing the secant modulus of elasticity 
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where o is the stress under which creep takes place, 


_ ae 


7? (or +e ay) 


€ 


This formula well represents the results obtained by the author for mortars. 
An expression similar to this one is also derived from the data obtained in 
the tests of restrained concrete shrinkage rings. 

Tensile strength of concrete rings subjected to restrained shrinkage, ¢;,, 
was determined; the elastic strain, ¢, was determined by means of the stresses 
in restrained concrete shrinkage rings, ¢, and the modulus of elasticity, 2, 
was determined on control specimens of the same concrete subjected to pure 
tension (e. = o/L). 

Creep strain, ¢, was determined from the difference between the strain the 

specimen would have if free (shrinkage, 5) and the formerly calculated actual 


strain (€ = 6 —o/E). Plotting ¢./€ against o,, a linear relationship is ob- 


tained (Fig. C), which is well represented by Eq. (1). 


What is important to remember is that this conclusion was reached from re- 
laxation tests (restrained shrinkage is practically a relaxation test). 


A remarkable conclusion attained in our work was that the laws governing 


relaxation are identical to those governing creep; that is, concrete relaxation 
is greater the lower the strength, and the law of inverse proportionality be-— 


tween relaxation and rupture strength also holds good. 

Parallelism between the conclusions reached in both works, ours and that 
under discussion is, then, obvious. But, in our work we introduce the modulus 
of elasticity, a factor neglected by the author. Eq. (1) as well as the general 
idea of the relationship between creep and strength are only approximate, it is 
quite possible that we are both right because perhaps factor Z is not of para- 
mount importance. 

In our paper, the cracking of cement, measured both in neat cement paste 
and mortar, was also studied. In these tests, rings of the above materials 
were cast around metallic rings, with a square cross section 2.5 cm on a side, 
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and 20 cm interior diameter. But the studied cements all had similar prop- 


erties, and it was not possible, for this reason, to draw any conclusions. 

In the meantime as the work on this subject was carried on for some time, 
we were able to obtain some different cements, thus enlarging the field of our 
observations, and last year a paper on the “Influence of the Type of Cement 
on Its Cracking Tendency”’ was presented at the symposium on the influence 
of time upon strength and deformation of concrete, held at Munich by RILEM, 
Nov. 17-20, 1958. The results obtained in this paper for the case of concrete 
are given in the following generalization: creep of cement varies as the inverse 
ratio of its rupture strength. 

In this case, creep of cement was determined in a 1:1 mortar and the rupture 


strength in a totally different 1:3 mortar. 


This fact is illustrated in Fig. D. In this diagram, there is no need to con- 
sider the modulus of elasticity: 
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where o, is the rupture strength of the mortar (that is to say, of the cement) 
and «, is the specific creep of another mortar made of the same cement (that 
is, the creep of the cement). 
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Fig. D—Creep of cement at 60 days measured in a 1:1 mortar, as a function of its 
strength measured in a 1:3 standard test 


-_ Upon Strength and Deformation of Concrete, Munich, Nov. 1958. 


ratio such as 0.8 or more is used. 


in semilogarithmic representation. The dotted curves represent the bes 


be found from Fig. E and F that logarithmic values of creep versus stress-_ 
a 


_ time creep tests under high values of stress-strength ratio are also schemat- q 
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The influence of the relative humidity of the air was not considered in our — 
tests on creep and relaxation. The author deserves praise for his considera- 
tion and demonstration that the influence of this factor on creep is exclusively 
due to the influence of this factor on the rupture strength of the concrete. It is 
then clearly demonstrated that creep varies as the inverse ratio of the strength. 
This variation is due to one of the following factors: 


(a)—Maximum size of the aggregate 
(b)—Water content 

(c)—Cement content 

(d)—Cement quality 

(e)—Curing 

(f)—Plasticizing agent** 


One of the most troublesome properties of creep remains to be the influence 
of the specimen cross section. While the rupture strength decreases when the 
cross section increases, creep decreases also. Why? This is a question to 
which so far no adequate answer is available. 
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By KIYOSHI OKADA* 


The author has investigated the influence of stress-strength ratio on the — 
creep of mortar, and pointed out that creep seems approximately proportional 
to the ratio at the time of load application, even when a high value of the — 


The writer, however, believes that it is difficult to say from the present data 
if the above conclusion is reasonable. Fig. E and F show the replots of the — 
relationship between creep and stress-strength ratio given by Fig. 1 and 2, 


gression lines also drawn by the author in Fig. 1 and 2, which will not nec- 
essarily coincide consistently with the test results. On the contrary it could — 


strength ratios could be expressed by a line folded at a point of siressstrength 
ratio of about 0.3 to 0.4. Similarly, Shank’s data as cited in Fig. 6, can also — 
be replotted as shown in Fig. G. In Fig. G Richart’s data*® concerning short — 


ically replotted. 


*Member American Concrete Institute, Professor of Civil Engineering, Kyoto University, Kyoto, Japan. 
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It seems there exists a linear rela- 
tionship between the logarithmic 
value of creep and the stress-strength 
ratio, and this means that the stress- 
strength ratio has a fundamental 
influence upon the creep ¢«. after a 
definite load duration as expressed by 
the following form: 


e = Ae’ +B 


where A and B are constants. 

The above equation coincides with 
Eq. (9b) given by Freudenthal and 
Roll.*° Actually the data given by 
them in Fig. 10-12 (pp. 1131-1135 in 
the same paper*®) can be replotted as 
illustrated in Fig. H. 


Therefore it seems quite reasonable 
that the conclusion as stated by the — 
author holds good so long as the 
stress-strength ratio is fairly low, but. 
may not when the ratio is as high as 
0.8 or more. Allowing for the above 


discussion, the author’s suggestion is interesting that the ultimate compressive 
strain of mortar is of the order of 0.002. But does it really indicate that the 
same strain corresponds to the failing stress, whenever the specimen is sub- 


jected to sustained stress or not? 


If this is so, the problem of extreme importance is how much the mortar 
creeps under its environment; that is, how much does the initial strain in- 
crease or multiply when the total creep is applied to a mortar specimen that 
is subjected to a given sustained load under certain conditions of temperature 


and humidity. 


If the above problem is answered, the allowable stress for the sustained load | 
or so-called “creep limit”’ for mortar can be determined by taking into account 


the storage conditions of the specimen. 
by the author on this important point. 


Nothing instructive is discussed — 


As to the creep limit of.concrete, Ban‘! has suggested that the concrete 


_ may carry a compressive sustained load almost indefinitely without failing 


so long as the sustained stress does not exceed 0.76 f,’ or the initial total * 
strain at the titne of load application is not larger than 0.001. 


_ The writer believes that more tests are needed to clarify the creep limit of ; 


mortar or concrete. 
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AUTHOR’S CLOSURE 


The contributions of Messrs. Coutinho and Okada are most interesting » 
and it is particularly gratifying to hear of work on creep—an important 
though sometimes a little neglected property of concrete—in various parts 
of the world; the ACI JouRNAL seems an admirable medium for such an 
international exchange of information. zs 
Bee Mr. Coutinho’s tests confirm the relation between the stress-strength 

ratio and creep, suggested in the author’s paper. Since these tests, dealing 
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Fig. I—Time deformation — 
against stress-strength ratio 
for Freudenthal's*® concrete 
after 40 days under load 


STRESS - STRENGTH RATIO - PER CENT. 


primarily with the cracking of cement, mortar, and concrete, differed in 

many respects from the author’s tests, the close agreement of the findings is 

particularly significant. It is worth observing, too, that the general relation 

between the stress-strength ratio and creep is also applicable when the mix 

proportions and the maximum aggregate size are varied. 

In this connection it is interesting to refer to Freudenthal’s tests,*® men- 

tioned by Professor Okada. In these tests the creep specimens were cured 
“ for the first fortnight after casting at a relative humidity of 100 percent. They 
-_were then transferred to a room at 60 percent relative humidity. A fortnight 
later they were loaded and continued being stored at a humidity of 60 per- — 
cent. Owing to the change from 100 to 60 percent the companion specimens 
showed a considerable amount of shrinkage. 
As mentioned in the paper, the assumption that shrinkage and creep are 
4 simply additive is not justified, and that part of shrinkage which occurs at a 
constant relative humidity cannot be separated from creep. If then Freu- 
—_ denthal’s*° data are recalculated so as to include shrinkage in the total time 
deformation and plotted against the stress-strength ratio the curves of Fig. I, 
J, and K are obtained. These tests are particularly revealing as they cover 
a wide range of mix proportions, the aggregate-cement ratio varying between — 
6 and 1, and yet, all the mixes together plot as recognizable straight lines. The 
only discrepancy is apparent in the case of 4.x 10-in. cylinders of the 6:1 TONE 
which show a consistently low creep at all ages. 


It is not possible, however, to say with certainty whether these lines are — 
truly straight or, as observed by Professor Okada, there may be a discon- 
tinuity between two lines at a stress-strength ratio of about 30 to 40 percent. — 
The probability of the existence of two distinct creep-stress relationships — 
was mentioned at the top of p. 979 of the original paper. However, the 
difference between the semilogarithmic curves of Professor Okada (Fig. 
EK and F) and the author’s regression lines is not believed to be of great. 
importance, at any rate for creep after long periods under load. 

In this connection it may be noted that the curves based on Freudenthal’s — 
test results for periods under load of 40, 100, and 160 days (Fig. I, J, and K, — 
respectively) show that the greater the age the lower the value of strength 
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Fig. J—Time deformation 
¢ against stress-strength ratio 
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for which, from the relationship postulated, no creep would be expected. The 
same tendency was apparent in the author’s tests. A possible explanation | 
is that creep catches up with shrinkage only after a time. A further con- 
tribution on this topic is presented by the author in the RILEM Bulletin, 


1959. 
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Discussion of a paper by Walter E. Riley: 


Design and Construction of a Modern 
Parking Garage 


By J. MAKARETZ+ 


The author presented an interesting approach to the problem of garage 
construction. The writer would like to add some information concerning 
similar structures and express his point of view as to the general design ap- 
proach. 

In 1956 a six-story garage was designed by Thomas Worcester Co. in Bos- 
ton, under the writer’s supervision, for the city of Providence, R. I. The 
design consisted of a 14-in. uniform flat plate supported on circular columns. 
Span lengths varied, but the maximum spans were 34 ft with 12-ft cantilevers. 
Shear heads such as those indicated by Mr. Riley were used. Due to a larger 
dead load the shear stresses were greater than in the Phoenix garage, but 
even for smaller spans two concentrical shear heads were used, and for the 
34-ft spans, three concentrical shear heads were used. The concrete shear 
stresses used were below the allowable value. 

In accordance with a paper by E. M. Rensaa (ACI Journat, V. 30, No. 6, 
Dec. 1958 (Proceedings V. 55), pp. 695-715), a reduction of shear stresses is 
justified in continuous beam designs. It is believed that this is also true for 
flat plates with considerable lateral rigidity and high negative moments, as in 
this case. 

It appears to me that the author’s design for shear reinforcement was in 
accordance with a brochure for reinforced concrete put out by Portland 
Cement Association in 1948 entitled “Shearhead Reinforcement for Flat 
Plate Floors.” The author probably used a 90 psi shear value in accordance 
with ACI 318-56. Because shear problems are not entirely understood, it is 
believed that in using the full shearing capacity of concrete in such structures 
as described above, there would result an unsafe condition. 

The author also mentioned that during the placement of concrete at high 
temperatures (110 F) that the floor camber was provided for before the 


concrete set. It seems rather difficult to place and finish about 40 cu yd of 


concrete in one floor panel (34 ft x 31 ft 3 in.), and then introduce a 1-in. 


- camber between initial and final set without using any retarder (the author 
— does not mention any) and without affecting the concrete quality. 


*ACI Journat, V. 30, No. 9, Mar. 1959 (Proceedings V. 55), p. 985. Disc. 55-63 is a, part of copyrighted Jour- 
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‘ The second similar structure (flat plate with drop. panels), is sup 
by 22-in. cylindrical columns 25 ft on centers with 10 ft 6 in. cantile 
) The design was by Badger Manufacturing Co., under the supervision of 
_writer, for Sinclair Oil Refining Co., Pasadena, Tex. a. 
7 = ‘The exchanger structure is a two-story, 40 ft high, 160 ft long building 
~ designed as 12-in. slab, with 20 in., 8 ft square, drop panels at the columns. 
“ The combined live and dead load amounts to 450 psf. To accommodate hi gh 
shear stresses, specially fabricated bar trusses were used (four in each direc- 
tion for every column head). Further details can be found in an article by 
oe he writer in Petroleum Refiner, scheduled for printing in the fall, 1959. 
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Discussion of a paper by José J. Rodriguez, Albert C. Bianchini, Ivan M. Viest, and Clyde E. 
Kesler: 


Shear Strength of Two-Span Continuous 
Reinforced Concrete Beams* 


By G. BROCK and R. TAYLOR 
By G. BROCKt 


This discussion will be restricted to an examination of the authors’ 
test results and the presentation of some complementary data. Although 
the writer would describe “shear failures” in a different way, it seems 
preferable to reserve this description for a future paper. 

Unrealistic design methods for reinforced concrete beams persist 
chiefly because shear and bending are treated as independent phenomena 
to be designed for separately. Progress in ultimate load design can be 
made if we regard shear as a factor which modifies the flexural re- 
sistance. 

In recent years the ultimate load approach to frame design has been 
facilitated by the methods developed for steelwork by J. F. Baker and 
his associates.1° They have shown that the collapse load of a frame can 
be determined on the assumption that sufficient plastic hinges will de- 
velop to convert the structure to a simple mechanism. But the reinforced 
concrete engineer should follow this approach with caution. He must be 
sure that his typical structures can undergo the deformations necessary 
for this kind of collapse. 

The effects of shear seem to be more important in reinforced concrete 
than in structural steelwork. They may cause collapse at loads much 
smaller than those necessary for the development of a plastic hinge 
mechanism. It will be interesting, therefore, to compare the collapse 
loads observed in experiments with those calculated by plastic theory. 
Where shear is important we should expect to find that the plastic theory 
seriously overestimates the strength. 


AUTHORS' RESULTS EXAMINED BY PLASTIC THEORY 


To calculate the collapse load of a continuous beam we must know the 
maximum positive and negative moments it can resist. For under-rein- 
forced rectangular beams these moments can be calculated from Whit- 


~ ney’s formula," 


*ACI Journat, V. 30, No. 10, Apr. 1959 (Proceedings V. 55), p. 1089. Disc. 55-66 is a part of 
copyrighted JoURNAL OF THE AMERICAN Concrete Institute, V. 31, No. 6, Part 2, Dec. 1959 
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Fig. A—Variation of collapse load with 

tensile reinforcement index at midspan. 

Comparison of authors’ results with 
plastic theory. 


Pie 
ge 


THIRD POINT LOADING 


Series N @ 
— Ao 
Hoa 


M/f.’ bd? = 0.456 p/p. (1 — 0.268 p/p.) 
where po = 0.456 f.’/fy * 


Table 2 shows that all the beams reported were under-reinforced. The 
proportion of tensile reinforcement over the central support was always 
67 percent greater than that provided in the span (ps). This means that 
both the ultimate hogging and sagging moments, and hence the collapse 
load, can be related to the reinforcement index at midspan (ps/po). On 
this basis ultimate load calculations have been made for the three loading 
patterns investigated, and the results are shown by continuous lines on 
Fig. A and B. The test results have been plotted as single points in the 
same dimensionless form. 


Comparison shows little discrepancy between experiment and plastic 
theory, except for the beams of Series N, which had no web reinforce- 
ment. All Series N tests fell short of the calculated plastic strength. The 
deficiency was greatest with midpoint loading, which by conventional 
calculations would appear to be governed least by shear. 


On the other hand there appears no significant difference between the 
results of Series A, H, and I where different amounts of web reinforce- 
ment were employed. It seems that a modicum of web reinforcement is 
necessary to control shear but that further amounts do not improve the 
strength. 


The importance of the longitudinal reinforcement index on the col- 


lapse load is revealed both by theory and experiment in conclusive agree- 
ment. 


ee 


SHEAR STRENGTH OF CONTINUOUS BEAMS 1 Sas 


EFFECT OF SPAN-DEPTH RATIO 


: All the beams tested by the authors had a constant L/d value of 8.15. 

T. J. Fowler, K. H. Hohenkerk, and G. R. Leake, final year undergrad- 
uates at the University of Birmingham, working under the writer’s di- 
rection and using his model technique,'* tested 30 two-span rectangular 
beams with varying L/d. 

Each beam had the same number of straight reinforcing rods at the 
top and bottom of the sections. Each rod ran the full length of the beam, 
which overhung the outer supports sufficiently to provide full anchorage. 
No web reinforcement was used, and the longitudinal reinforcement 
index was arranged to be either 0.2, 0.7, or 1.20 in each bearn. 

To simulate well distributed loads, such as are often encountered in 
practice, the test loads were ap- 
plied uniformly at 16 equally 
spaced points. The experimental 
results were shown on Fig. C, in 
terms of L/d, for the three values 
of p/p, investigated. The theoretical 
plastic collapse loads are also plot- 
ted. They do not involve L/d as a 
variable. 

It will be noted that in all tests 
with p/p, = 0.2 the ultimate load 
conformed with plastic theory. In 
those with p/p, = 0.7 it fell away 
from the plastic value as L/d was 
reduced below about 15. The over- 
reinforced beams (p/p, = 1.20) did 
not quite reach the plastic theory 
collapse load even at L/d values of 
about 22. 

These tests illustrate clearly that 
the need for shear reinforcement 
increases as the L/d ratio is de- 
creased, especially in heavily re- 
inforced beams. 


SIXTH POINT 
LOAD/NG 


CONCLUSIONS 
The importance of shear on any 


p 
O 
Fig. B—Variation of collapse load with 


test beam can be gaged by the dis- 
crepancy between the actual col- 
lapse load and that calculated from 


tensile reinforcement index at midspan. 
Comparison of authors' results with 
plastic theory. 
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Toto/ L =P Fig. C—Effect of L/d on 
collapse load of model rein- 
forced beams under 16 point 
loads. Horizontal broken 
lines show collapse loads in- 
dicated by plastic theory 


plastic theory. A number of the experiments reported by the authors 
looked to be shear failures, but calculations show they had reached the 
flexural limit. 


The most important variables affecting failure for a given geometry of 
loading are the reinforcement index p/p, and the span-depth ratio. The 
effect of these can be shown in dimensionless charts (Fig. A-C) which 
could be adapted for design use. 

The effect of adding some web reinforcement is shown to be important 
but increasing the amount does not always affect the collapse load to 
any marked degree. Further research to determine the minimum amount 
for effective web reinforcement would appear worth while. 

The common design assumption that the strength of a beam is pro- 
portionate to the amount of web reinforcement appears to be unfounded. 
Indeed, it seems doubtful whether the usual practice of proportioning 
web reinforcement to follow the working load shear force diagram can 
be justified. If the designer related his web reinforcement to the p/po and 
L/d ratios and spread it uniformly along the beam, he might obtain sound- 
er structures!” and save much time in the design office and on the site. 
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By R. TAYLOR* 


The authors have presented such a wealth of data on the shear strength 
of reinforced concrete beams that it is difficult to make adequate com- 
ment on the whole paper. There are, however, several isolated points 
which the writer would like to make. 

Considerable difficulty has been caused in the past because the various 
investigators have adopted different definitions for diagonal cracking. 
The authors appear to have added somewhat to the confusion since, with 
their definitions, the diagonal tension cracking load is not necessarily the 
load at which the first diagonal tension crack forms but is that at which 
the diagonal tension crack has extended sufficiently into the beam to 
cause an appreciable redistribution of internal stresses. Such terminology 
is confusing, apparently even to the authors, since they subsequently 
refer to diagonal tension cracking loads as being the loads at which the 
first diagonal tension crack formed. 

The definition of the “diagonal tension cracking load” as it applies to 
beams without shear reinforcement does, however, coincide with that 
adopted in the many recent papers from the University of Illinois. This 
is important as it is now largely recognized that it is this stage, and not 
collapse, that must mark the failure criterion of such beams for practical 
purposes. There is, of course, often no difference between the diagonal 
tension cracking load as so defined and the collapse load for beams loaded 
so that the a/d ratio is comparatively large. That there is often a con- 
siderable difference between the two stages for beams loaded so that the 
a/d ratio is small has now been frequently demonstrated. What does not 
yet appear to be completely appreciated is that this difference is depen- 
dent on the load being applied to the beam at the top surface. The effect 
of the manner of loading on the shear strength of beams without shear 
reinforcement was first pointed out by Ferguson” in 1956. Ferguson sug- 
gested that when a beam is loaded in such a way that propagation of a 
diagonal crack is not inhibited by compressive stresses set up by a load 
block, e.g., by loading through transverse secondary beams or nibs fram- 


ing into the beam, then the collapse load may be considerably reduced. 


He demonstrated this effect in a series of tests on beams with short shear 
spans. More recently tests have been carried out atthe Building Re- 


*Senior Scientific Officer, Building Research Station, Department of Scientific and Indus- 


_trial Research, Garston, Watford, Herts., England. 
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search Station, England, to investigate this effect over a greater range of 
a/d ratios. The type of beam used in these tests is illustrated in Fig. D. 
The results of the tests indicated that: 

(1) The diagonal cracking load is the maximum load that can be sus- 


tained by a beam when it is loaded and supported through transverse 
beams, irrespective of the length of the shear span. 


(2) The manner of loading a beam has little influence on the diagonal 
cracking load, except perhaps for beams with short shear spans. 


(3) The diagonal cracking load is only slightly influenced by the shear 

span, decreasing slightly with increase in shear span. 
Since the loading of a beam through secondary beams often occurs in 
practice these results are further evidence, if any were needed, that the 
diagonal cracking load must represent the failure criterion for beams 
without shear reinforcement. But the question now arises as to whether 
the manner of loading has any effect on the shear strength of beams with 
shear reinforcement. It would seem that it is necessary to answer this 
question before existing experimental data can be translated into design 
recommendations. 


Continuity in reinforced concrete raises several interesting problems 
with regard to shear strength. One problem which the writer has been 
concerned with recently—again for beams without shear reinforcement—- 
is the effect of the order of loading the spans of a continuous beam. A 
study of the mechanism of diagonal cracking had suggested a possible 
influence. Except for beams with short shear spans, diagonal cracks gen- 
erally develop from curving flexural cracks. The extent of a flexural 
crack above the soffit of a beam will generally increase with increasing 
bending moment, although in the later stages of development the change 
in extent is only small. If the major part of the shear force is carried 
across a cracked section of a beam by the uncracked part of the concrete 
above the crack, it would seem that the higher the bending moment on 
a section the lower might be its shear-carrying capacity. However it is 
possible that the higher stresses in the compression zone compensate this 
effect to some extent by offering greater restraint to the propagation of 
the cracks due to shear. If this is so, in a beam in which flexural cracks 
have been formed (by the application of a high bending moment) there 
will be a loss of shear resistance if the stresses in the compression zone 
are subsequently reduced without alteration of the shear force. Such an 
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event might occur in a continuous beam by the separate loading of the 
spans. 


To investigate this problem a short series of tests was made on five 
beams cantilevering past the two supports. The general arrangement for 
testing can be seen in Fig. E. The beams, 714 in. wide by 1014 in. deep, 
were supported at two positions 6 ft apart and load was applied by hy- 
draulic jacks at three positions, that is at midspan and at points 2 ft 
outside each support. The jacks were operated individually, the load 
being applied through load cells by means of which the load was meas- 
ured. 


Three beams, identical in respect to reinforcement and concrete mix, 
were tested with this arrangement by loading initially at the central sec- 
tion and subsequently on each cantilever. With this type of loading, 
flexural cracks were initially formed at the soffit in the usual way, and 
the effect of the superimposed load system on these cracks was observed. 
In two of the tests the load applied at the center of the beam was ap- 
proximately 90 percent of the average diagonal cracking load found for 
similar beams loaded centrally on a 6-ft span; in the third test the central 
load was 95 percent of this load. 

The essential results for this discussion are: 


(1) During the loading of the cantilevers, propagation of one or more 
of the original cracks occurred in all three tests in a way similar to that- 
occurring in a simply supported beam under increasing load. 

(2) In one beam, that loaded at approximately 95 percent of the diagonal 
cracking load of similar simply supported beams, diagonal cracking oc- 
curred by the development of one of the original flexural cracks—see Fig. E. 
(In the other two beams diagonal cracking also occurred in the internal 
shear spans, but developed from flexural cracks initiated at the top surface. 
Such cracking in a continuous beam is dependent only on the relative values 
of the positive and negative bending moments and resistance moments and 
is not pertinent to the discussion on the order of loading.) 


In the tests on the other two beams, the three spans were loaded si- 
multaneously, the magnitude of the loading being arranged so that diag- 
onal cracking developed from flexural cracks formed at the soffit. In 
these tests the shear force at diagonal cracking was higher than that 
which caused diagonal cracking in similar beams loaded at midspan only. 
Thus in interpreting test data it is important to realize that this increase 
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is dependent on the simultaneous loading of the spans. When a span is 
loaded prior to the adjacent spans being loaded there may in fact be a 
decrease in the critical shear force, although this decrease is only small. 
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Discussion of a paper by C. E. Proudley: 


Qualification Plan for Ready-Mixed Concrete Plants* 
By MILES N. CLAIR, E. F. LEWIS, JOSEPH J. WADDELL, and AUTHOR 
By MILES N. CLAIRt 


The excellent work done by Mr. Proudley and his associates in the 
North Carolina State Highway Commission is well known. The paper 
describes one of the procedures used to aid in obtaining good concrete. 
It is a fine idea and the paper is particularly valuable in that it gives in 
detail how the qualification plan is being carried out. One item however, 
that is normally of interest does not seem to be fully covered in the text 
of the memorandum, namely, the capacity of the plant and equipment 
based on their records of performance. Capacity of equipment is not 
always the same as actual production and a major factor for approval 
for some projects may be ability to deliver concrete of volume as well 
as quality. 

It is noted that in the check list nothing is said about source, quantity, 
or quality of water. This is often an important factor where water is 
searce. In areas colder than North Carolina information on facilities for 
heating aggregates and water is desirable. 

The success of this plan would seem to depend not only how serious 
the state representatives are in applying the rules, but also the coopera- 
tion shown by the ready-mixed concrete producers, and the real compli- 
cations might arise if the right of approval or basis of approval is 
challenged. A number of building codes have introduced required ap- 
proval of ready-mixed concrete plants and the proposed revision of Part 
26 on concrete of the Boston Building Code includes such a requirement. 
In these cases the codes are enforceable as laws and the ready-mixed 
producers must conform. 


By E. F. LEWIS# 


Our ready-mixed concrete plants have operated under the N orth Caro- 


lina State Highway Commission plan for the past several years. Mr. 


Proudley did not say in his article that ready-mixed concrete plants which 
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obtain the A-1 rating and agree to assign a “concrete technician” on every 
state job are allowed to place state highway concrete at any time and 
without an inspector. 


We have operated on this basis for about 2 years and consider it an 
honor which we guard jealously. To meet this program we now have 
four concrete technicians licensed by the state highway commission. It 
has meant that our personnel have done considerable studying, and to 
pass the examination, know and practice the fundamentals of good con- 
crete construction. This has carried thoughout our organization and has 
had a tremendous effect for the good on all concrete, whether state or 
private. There is a general tightening of concrete specifications by pri- 
vate engineers and architects, and the program of the state highway 
commission has brought about training in our personnel, enabling them 
to better meet all standards. 


We have been somewhat disappointed in the participation by ready- 
mixed concrete plants over the state. It affords a plan to increase the 
ability of any plant to produce better concrete through the installation of 
proper equipment and training of personnel. Once you have brought your 
personnel up to the standards required for a concrete technician, they are 
eager on their own accord to learn more and to produce better concrete. 
We hope that more ready-mixed concrete producers will participate in 
the future. The production of better concrete is one of the best sales 
means that a producer can obtain. 


By JOSEPH J. WADDELL* 


The paper by Mr. Proudley presents an approach that should be more 
widely adopted. Wider usage would tend to improve ready-mixed con- 
crete operations throughout the industry, forcing substandard plants to 
improve their facilities and operations. 


One important aspect mentioned by the author is the subject of per- 
sonnel training. Adequate training of personnel, both inspection and op- 
erating, is a problem that is constantly facing construction engineers. 
Especially when transit mixed concrete is permitted, properly trained 
operators are essential if anything approaching control is to be obtained. 


It would be of considerable help to some readers if the author could 
expand his discussion of personnel training. Perhaps a list of the refer- 
ences used could be furnished, together with some discussion of the 
examinations that were given. 


“meee American Concrete Institute, Knoerle, Graef, Bender & Associates, Inc., Chicago, 
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The training program for “Registered Concrete Technicians” men- 
tioned in connection with the qualification plan has created more com- 
ment than any other item in the paper. Expansion of the training school 
to include some time for those who are now registered will be a new 
feature during the coming winter program. This will take up behavior 
of concrete under various conditions and the analysis of faults or failures 
which are most likely to occur where control has not been adequate. 


Since writing the article, many more technicians have been registered. 
As pointed out by Mr. Lewis, much serious study is required to qualify 
and there are personnel of both the highway commission and the industry 
constantly preparing for examination. It is a slow process since it re- 
quires considerable preliminary reading and much home work with the 
computations for proportioning and adjustment of concrete mixtures. 


To answer Mr. Waddell’s suggestion in part, all of the texts used in the 
instruction are available from the Portland Cement Association, the Na- 
tional Ready Mixed Concrete Association, and the aggregates associations. 
For those who may wish to secure them, they are: 

1. “Estimating Proportions for Concrete,” NSGA Circular No. 68 and 
NRMCA Publication No. 69, National Sand and Gravel Association and 
National Ready Mixed Concrete Association, Washington, D.C. 

2. “Control of Quality of Ready-Mixed Concrete,” Publication No. 44, 
National Ready Mixed Concrete Association, Washington, D.C. 

3. “Specifications and Test Methods for Ready-Mixed Concrete,” Publi- 
cation No. 47, National Ready Mixed Concrete Association, Washington, D.C. 

4. “Design and Control of Concrete Mixtures,” Portland Cement Associa- 


tion, Chicago. 
5. “A Method of Proportioning Concrete for Strength, Workability and 
Durability,” Bulletin No. 11, National Crushed Stone Association, Washing- 


ton, D.C. 
6. “Recommended Practice for Selecting Proportions for Concrete,” Pub- 


lication No. 45, National Ready Mixed Concrete Association, Washington, 

D.C. (A reprint of ACI Standard ACI 613-54.) 

7. “Sampling and Testing Ready-Mixed Concrete,” Publication No. 66, 

National Ready Mixed Concrete Association, Washington, D.C. 

The questions in the examination are quite comprehensive and have 
been criticized for being “too tough.” We require a 100 percent grade on 
the examination before certifying but this is not as bad as it sounds. We 
are anxious to create registered technicians and if the applicant will con- 
tinue with additional examination, mostly verbal, after his first trial, our 
concrete engineers who conduct the examinations will assure us that the 

“prospective technician fully understands every question and answer. We 
have supplied interested persons and organizations with sample copies 
of the written portion of the examination on many occasions. 

Although it has been gratifying to have the approval plan for ready- 
mixed concrete plans received so enthusiastically there is one serious 
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deficiency in it. The quality of the end product is not rated! Although it 
is unlikely that a fully qualified technician with a well equipped plant 
will turn out inferior concrete, there is no assurance from the list of ap- 
proved plants that they will be consistently reliable in the uniformity of 
delivered concrete. 

During the past construction season the compression test strengths rep- 
resenting concrete delivered to state highway projects have been ana- 
lyzed for coefficient of variation and average strength. The average 
strengths from the 50 plants which furnished state jobs during this period 
(8 months) ranged from 3360 to 5810 psi for 28-day strengths (6 bags per 
cu yd cement required). Minimum strength of 3000 psi is the specifica- 
tion. The coefficients of variation range from a low of 3.6 percent to a 
high of 25.6 percent. Incentive is a powerful influence toward improve- 
ment and it is our intention to work out a plan whereby those who have 
excellent uniformity and ample strength will be permitted a more favor- 
able cement factor than the plants which have a high coefficient of 
variation even though the average strength exceeds the required strength 
by a wide margin. The items requiring consideration in such a plan are 
many and controversial but it is our belief that such incentive will result 
in over-all improvement quicker than an educational program alone. 


Disc. 55-71 


Discussion of a paper by James Chinn: 


Cylindrical Shell Analysis 
Simplified by Beam Method* 


By=WAILO'S. “KETCHUM, A. L. PARME and H. W. CONNER, A. SIEV, 
ANTON TEDESKO, ALFRED ZWEIG, and AUTHOR 


By MILO S. KETCHUMt 


The author has demonstrated that the beam method for barrel shells 
is quite accurate for the design of interior barrels of multiple barrel 
structures. The development of formulas is useful only for circular bar- 
rels of constant thickness. However, the advantages of the beam method 
extend far beyond the use for circular barrels of constant thickness. 

The writer would like to list and discuss a few of these advantages: 

(1) The beam method can be applied to a barrel of any cross section 
and variable thickness; thus barrel shells are not limited to circular shapes 
of constant thickness only. 

(2) It can take into account a concentrated line load in determining the 
transverse bending moments. This has been demonstrated in a recent book 
by Chronowicz.t 

(3) The barrel sheils may be ribbed in either direction. 

(4) The beam method is not necessarily limited to a straight line distri- 
bution of longitudinal stress. Any distribution can be used. The procedure 
is to select two basic patterns of stress and then solve for the combinations 
of patterns which satisfy statics. This device is particularly useful as a 
method of correcting the theory of elasticity solution for circular barrels 
with nonuniform cross section. The pattern of longitudinal stress is taken 
from the elasticity solution for uniform cross section and is adapted to the 
nonuniform section. 

The writer has used the beam method to study the stresses in hyper- 
bolic paraboloidal structures. For sections cut through an element of 
the shell, the distribution of longitudinal stress is initially assumed as 
a pattern with constant stresses of one sign in the shell and the other 
sign concentrated at the stiffening rib. The basic simplified equation 
for the hyperbolic paraboloid can be reproduced by this device. 
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Several writers have studied the effect of changes in the stress pattern 
on the design of barrel shells. For example, Kirchner* has demonstrated 
that there is only a small variation in transverse moments for a number 
of different distributions of longitudinal moment. 

Jenkinst has presented a method of determining the stresses in barrel 
shells based on minimum strain energy. Several possible longitudinal 
stress patterns are selected and the ratios of these patterns are deter- 
mined from minimum strain energy. 

The beam method for barrel shells has many uses and should be 
studied by every designer of shell construction because it provides an 
insight on the structural action of shells that cannot be obtained from 
the more accurate but more tedious theory of elasticity solutions. 


By A. L. PARME and H. W. CONNER# 


Dr. Chinn is to be complimented on the neat and concise arrangement 
of the formulas obtained on the basis of conventional methods of analy- 
sis dealing with the internal forces and moments occurring in a member 
of curved cross section. It has been recognized by many that within 
certain proportions the stresses obtained by treating the shell as a beam 
agree with those obtained by a rigorous solution of the eighth order 
differential equations derived from the elastic behavior of space struc- 
tures.§ Full exploitation of this fact has been difficult to realize princi- 
pally because limits within which the approximate beam solution is 
valid could not be clearly established. It is readily apparent that when 
the chord width exceeds greatly the span, the analysis of a shell by the 
beam theory is meaningless. For this condition the longitudinal carry- 
ing action is confined to a zone near the valley, and the upper portion 
of the shell is relatively free of longitudinal forces. It is not so readily 
evident that some degree of inaccuracy may hold as well for long nar- 
row shells. 

The author has correctly stated the assumptions upon which the beam 
analogy is predicated. Unfortunately, the assumptions give no clue as to 
the range of applicability. Under all conditions, the presence of trans- 
verse moments indicates that at a given cross section, the edge and 
crown will deflect a different amount. Thus the first assumption can 
never be exactly fulfilled. But complete satisfaction of this assumption 
is not needed, since it is the relative deflection of the valley to the crown 
that accounts for significant departure of stresses in a shell from that 
indicated by the beam theory. As yet there is insufficient data avail- 


*Kirchner, G., “Zur Berechnung langer Zylinderschalen,” Der Baui 
No.-9, Sept. 1959, pp. 331, 336. phage 4 aatagentesk, Coes ete 


Jenkins, R. S., “A Variational Method for Design of Cylindrical # ond posiu’ 
on Concrete Shell Roof Construction, Teknisk Ukeblad, Oslo, on. rien iki Sun . 
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able to determine at which ratio a departure from the linear distribu- 
tion of stresses occur. 


To check as to whether the second assumption is complied with is 
almost impossible without recourse to shell analysis. The deflection at 
midspan could be used as a rough guide to determine how much longi- 
tudinal bending occurs. There is, however, a shortcoming to relying too 
greatly on this approach. Generally the maximum longtudinal bending 
and twisting moments occur near the corners. In this area they do not 
bear a direct relationship to the midspan deflection. Thus values ob- 
tained from midspan deflection might be misleading. Fortunately, the 
magnitude of the longitudinal bending is seldom critical. 

In spite of these deficiencies the beam method is a useful and handy 
procedure for analyzing shells if due caution is taken of its limitations. 
It has one tremendous merit in that the behavior of a shell can be ex- 
pressed in terms of the product of constants which depend only on 4%, 
and various multipliers. The advantage of this is that a compact table 


with a single variable can be prepared to cover a large range of cases. 


Although the calculations entailed by equations presented Dyer 
Chinn are considerably less complicated than those engendered by the 
more exact shell theory, they require nevertheless a high degree of 
accuracy. As an aid to the designer, Tables A and B are presented which 
have been computed on the basis of Eq. (1) to (21). The values listed 
are the internal forces at a cross section in multiple barrels for dead 
and uniform load and for unit symmetrical horizontal displacements of 
the edges. As a matter of information, the tables were computed by 
means of an electronic computer employing 12 significant figures. This 
accuracy was required since studies of the sensitive nature of the equa- 
tions indicated that in some cases even with ten significant figures er- 
rors of 10 percent could accrue in the final answers. The coefficients 
listed are only given to four significant digits since slide rule accuracy 
is sufficient in their use. 

The determination of the internal forces is readily evident from the 
formulas given in Table A for forces i 15, o,hand Mg. The results 
given by the operations indicated inside the first bracket will coincide 
exactly with the numerical evaluation of Eq. (1) to (21). However, to 
extend the usefulness of the beam method a correction term is given 
in the second bracket in the expression for Ty and M3. 

For short shells, ie, one whose ratio of span to chord width is small, 
and small central angles, the edges of a single shell tend to deflect in- 
ward. In contrast to this in long shells, when r/l is less than about 0.25 
the reverse behavior takes place when a uniform load is applied. In 
this instance a flattening of the shells occurs causing the edges to de- 
flect outward. This in some cases greatly alters’ the distribution of 


transverse moment. This flattening being due-primarily to the direct 
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TABLE A— VERTICAL LOADS 


T.= piled [p. Col. (1) + pa Col. (5)] 


3 


Put col. (9) X AH/(pur*/Et)] 


T¢ =7 [pu Col. (2) + pa Col. (6)] +-¢> 


S =—I[p. Col. (3) + pa Col. (7)] 


at 
Mo =r" [py Col. (4) + ps Col. (8)] + P™—[Col. (10) x AH/(p.r*/Et)] 


Uniform transverse load . Dead weight load 
CT ee a lypeatung' a a 
; Py Py 
A | 
P SES aaa es bce a ciel 
prs Tx To Ss M¢ Tx To Ss M¢ 
deg 4 (1) (2) (3) (4) (5) (6) | (7) (8) 
6, |—6.010 |—1.411 0.000 | —0.00292 | — 6.167 | —1.433 0.000 | —0.00309 
0.75¢, | —4.875 | —1.189 2.211 |—0.00112| — 5.003 | —1.205 2.269 | —0.00118 
22.5 | 0.50d,| —1.482 | —0.614 3.533 0.00232 |— 1.521 | —0.615 3.626 0.00245 
0.256, | 4-137 0.049 3.084 0.00235} 4.245 0.065 3.165 0.00249 
0 11.927 0.361 0.000 | —0.c0662| 12.239 0.384 0.c00 | —0.00702 
d, |—4.855 | —1.402 0.000 | —0.00353|— 5.012 | —1.430 0.060 | —0.00378 
0.759, | —3.937 | —1.182 1.985 |—0.00135)— 4.064 | —1.202 2.049 | —0.00145 
25.0 | 0.50¢,|—1.193 | —0.612 3.170 0.00280 | — 1.232 | —0.613 3.273 0.00300 
0.256, | 3.342 0.044 2.765 0.00282} 3.451 0.064 2.855 6.00304 
0 9.617 0.347 0.000 |—0.00797| 9.929 0.374 0.000 | —0.00857 
9, | —4.000 | —1.393 0.000 =| —0,c0417| —4.158 | —1.426 0.000 | —0.00453 
0.75¢,,| —3.242 | —1.175 1.799 |—0.00159|—3.370 | —1.199 1.869 | —0.00173 
27.5 | 0.50¢, | —0.980 | —0.609 2.871 6.00331} —1.018 | —0.610 2.985 0.00360 
0.25¢,| 2-755 0.038 2.503 0.00332) 2.863 0.063 2.602 0.00363 
7.908 0.331 0.000 | —0,00938| 8.220 0.363 0.c00 | —0.01025 
9, |—3.350 | —1.383 0.000 | —0.00482| —3.508 | —1.422 0.000 | —0.00533 
0.759, | —2.714 | —1.166 1.643 |—0.00183|—2.842 | —1.195 1.720 | —0.00203 
30.0 | 0.50¢,|—0.817 | —0.606 2.622 0.00384} —0.856 | —0.607 2.746 0.00424 
0.25¢,| 2.308 0.032 2.284 0.00383| 2.417 0.061 2.392 0.00426 
6.608 0.314 0.000 |—0.01082| 6.920 0.352 0.600 | —0.01204 
9, |—2.844 | —1,372 0.000 =| —0,00548 | —3.002. | —1.418 0.000 | —0.00618 
0.759, | —2.303 | —1.158 1.511 |—0.00207|—2.431 | —1.191 1.595 | —0.00235 
32.5 | 0.509, |—0.691 | —0.603 2.410 0.00438|—0.729 | —0.603 2.544 0.00492 
0.256, | 1.960 0.026 2.098 0.00434] 2.069 0.060 2.215 0.00492 
0 5.596 0.297 0.000 | —0.01227! 5.908 0.339 0.000 | —0.01393 
9, |—2.442 | —1.361 0.000 =| —0.00615|—2.601 | —1.414 0.000 | —0.00707 
0.759, | —1.977 | —1.148 1.397 | —0.00232|—2.105 | —1.186 1.488 | —0.00268 
35.0 | 0.506, | —0.591 | —0.599 2.227 0.00491 | —0.629 | —0.600 2.372 0.00565 
0.256, | 1.684 0.019 1.938 0.00484| 1.793 0.058 2.064 0.00561 
0 4.794 0.278 0,000 + |—0.01370| 5.105 0.326 0.000 | —0.01591 
Oo, |—2.118 |—1.349 0.000 | —0,00679|—2.278 | —1.409 0.000 | —0.00800 
0.759, | —1.714 | —1.138 1.298 |—0,00255|—1.842 | —1.181 1.396 | —0.00302 
37.5 | 0.506, | —0.510 | —0.596 2.069 0.00544| —0.548 | —0.596 2.224 0.00640 
0.256, | 1.461 0.012 1.798 0.00532} 1.571 0.057 1.933 0.00632 
0 4.146 0.260 0.000 |—0.01509| 4.458 0.312 0.000 |—0.01796 
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TABLE A (Cont'd) — VERTICAL LOADS 


Uniform transverse load Dead weight load 
Bx» lh T¢ S Mo de ob 

x 0) S Mo 

deg. ¢ (1) (2) (3) (4) (5) (6) (7) (8) 
40.0 | 0.509, | —0.443 —0.592 1.929 0.00595 | —0.482 —0.592 2.095 0.00719 
0.25¢, 1.279 0.005 1.675 0.00578 1.389 0.055 1.819 0.00705 
0 3.616 0.241 0.000 |—0.01641| 3.928 0.297 0.000 |—0.02006 
G;, —1.449 —1.307 0.000 —0.00853 | —1.610 —1.393 0.000 —0.C1096 
0.75¢,, | —1.170 —1.104 1.065  |—0.00316 | —1.299 —1.165 1.183 |—0.00468 
45.0 | 0.50¢, | —0.343 —0.585 1.694 0.60688 | —0.381 —0.583 1.882 0.00883 
0.25, | 1.001 —0.011 1.468 0.00657} 1.112 0.052 1.630 0.00854 
0 2.809 0.202 0.000 —0.01872 3.120 0.266 6.000 —0.02437 
Dy —1.160 —1.276 0.000 —0.00939 | —1.322 —1.380 6.000 |—0.01301 
0.75¢,, | —0.935 —1.079 0.947 —0.060344 | —1.065 —1.152 1.079 —0.00480 
50.0 | 0.50¢,, | —0.271 —0.578 1.504 0.00762 | —0.308 —0.574 TS 0.01054 
0.259, 0.802 —0.029 1.300 0.00714 0.914 0.049 1.481 0.01002 
0 2.232 0.164 0.000 —0.02042 2.543 0.234 0.000 —0.02871 
d,, —0.946 —1.242 0.000 —0.00989 | —1.109 —1 367 0.000 —0.01506 
0.759, —0.761 —1.053 0.849 —0.00358 | —0.892 —1.139 0.995 —0.00549 
55.0 | 0.50¢,, | —0.217 —0.572 1.347 0.00807 | —0.255 —0.563 1.578 0.01227 
0.25¢,, 0.655 —0.048 1.161 0.00742 0.767 0.045 1.360 0.01144 
1.805 0.128 0.000 —0.02130 2.115 0.201 0.000 —0.03293 
D;, —0.783 —1.205 6.000 —0.00992 | —0.947 —1.352 6.000 —0.01705 
0.75¢,, | —0.629 —1.025 0.766 —0.00355 | —0.761 —1.124 0.927 0.00613 
60.0 | 0.50¢,, | —0.177 —0.566 1.213 0.00815 | —0.214 —0.552 1.467 0.01398 
0.25¢,| 0.543 —0.068 1.043 0.00734 | 0.656 0.042 1.261 0.01275 
0 1.481 0.095 0.000  |—0.02118 1.790 0.167 0.000 |—0.03688 


internal forces (membrane stresses) and not due to bending, is not taken 
into account by the ordinary beam theory. To correct for this flattening 
Tables B and C are included. Table C gives the horizontal displacement 
due to a uniform load on the shell for various values of ¢, and r/l as 
computed from the membrane theory of shells. These values multiplied 


‘by the corresponding coefficients in Table B yield the correction which 


must be applied to My and 71%. 


No correction is given for dead load, since this type of loading does 
not lead to any appreciable error. 


The importance of the need for including a correction is shown in 
Table D which lists the results as obtained by the three methods. The 
values tabulated in row marked “Beam Method” have been computed 
by coefficients from Table A. In the next row called “Modified Beam 
Method,” the effect of the horizontal displacement is included. The third 
row represents values computed according to ASCE Manual No. 31 using 
a single sinusoidal load. An examination of the M, values reveals that 
the unmodified beam method gives results at variance with the shell 
theory. While M, values recorded in Table D are small, and can be 
easily resisted by the concrete itself, in some cases serious underesti- 
mation of critical moments can occur. More disturbing is the fact that 


the moment could be of opposite sign. As seen in Table D much closer 
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agreement is obtained by the modified beam method. This good corre- 
lationship holds for all long barrel shells. 

Another point which Table D illustrates is that an analysis by shell 
theory on the basis of a single sinusoidal load yields shear stresses that 
are too low. To avoid the necessity of applying additional loads, it is 
the general practice in many cases to multiply the shears obtained from 
a single sinusoidal load by 1.20. In this connection, the beam method 
implies that the distribution of shear at various cross sections is constant. 
In reality, near the supports the location of the point of maximum shear 
tends to be lower than at midspan. The magnitude of the shear stresses 
decreases somewhat above the neutral axis and increases below. With 
respect to reinforcing for shear stresses this change is not very signifi- 


TABLE B— EFFECT OF A UNIT HORIZONTAL DISPLACEMENT 


Aen as 
/ N 
/ \ 
+QH =I-4 f& 4 P*One 

gu Te oe | pe: z h3 

deg ¢ (9) (10) | | deg @ (9) (10) 
O, 2463.0 62.82 o, 199.2 13,92 
0.756, 2451.1 50.96 0.759, 196.5 11.26 
22.5 0.50¢,. 2415.6 15.49 37.5 0.509, 188.6 3.35 
0.259, 2356.9 — 43.34 0.259, 175.7 — 9.60 
0 2275.5 — 124.66 0 158.0 — 27.24 
6, 1461.9 45.95 9, 145.5 11.53 
0.759, 1453.2 37.26 0.756, 143.3 9.32 
25.0 0.509, 1427.2 11.30 40.0 0.506, 136.7 2.76 
0.259, 1384.3 — 31.63 0.256, 126.0 — 7.96 
0 1324.9 — 91.02 0 111.4 —22.50 
d, 912.9 34.65 0, 82.2 8.20 
0.759), 906.4 28.09 0.756, 80.7 6.62 
27.5 0.509, 886.8 8.49 45.0 0.506, 76.0 1.94 
0.25, 854.4 — 23.86 0.256, 68.4 — 5.66 
0 809.8 — 68.50 0 58.2 — 15.89 
O, 594.6 26.80 O, 49.6 6.06 
0.759, 589.5 21.71 0.759, 48.4 4.88 
30.0 0.506, 574.3 6.54 50.0 0.509, 44.9 1.41 
0.259, 549.3 — 18.46 0.259, 39.3 — 4.19 
0 514.9 — 52.86 0 31.9 —11.65 
O,, 401.2 21.17 9 31.5 4.62 
0.756, 397.2 17.14 0.759, 30.6 3.72 
32.5 0.509, 385.2 5.14 55.0 0.509, 27.9 1.06 
0.25¢,, 365.4 — 14.59 0.259, 23.7 — 3.20 
0 338.4 — 41.66 0 18.1 — 8.81 
$, 279.0 17.03 r) 20.9 3.62 
0.756, 275.8 13.79 0.759, 20.2 2.91 
35.0 0.504, 266.1 4.12 60.0 0.504, 18.1 0.82 
ag 250.3 — 11,74 0.25¢,, 14.8 — 2.51 


228.6 — 33.43 0 10.5 — 6.84 
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cant and can be ignored in design. However, it does alter the magnitude 
of the transverse moment greatly. 

In conventional shells, the depth of the supporting members is gen- 
erally much greater than the shell. As a consequence of the difference 
in the stiffness between the two elements, the transverse moment My at 
the support is zero. From this section, My gradually increases to a max- 
imum value. The rate of increase is a function of the chord to span ratio. 
Some insight on the longitudinal distribution of My at the crown and 


10 aw Assumed distribution beam method 


ee — 
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\ 
Fig. A— Longitudinal distribution of Mg at crown 


Fig. B— Longitudinal distribution of Mg at valley 
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TABLE C — MEMBRANE HORIZONTAL DISPLACEMENT 
FOR UNIFORM LOADS 


pit 
U 
H= (coef.) 
A Et 
r/l 
0.100 0.125 0.150 | 6.175 | 0.200 C.225 0.250 
gr, deg AH/ (P.ut*/Et) 

i = 92.83 Say — 18.88 = 10.57 — 6.16 = S87 — 2.52 
50 =..123'805 | = "BL78 — 25.54 — 14.09 =e =. 53 — 3.52 
27.5 — 161.58 =- 6760 esas — 18.49 —11.09 ey ee Wil 
30.0 — 205.26 | — 86.02 — 42.55 — 23.59 —14.20 — 9.08 — 6.09 
32.5 — 254.82 —106.85 — 52.91 — 29.38 10-75 pa) — 7.66 
35.0 — 310.10 | —130.69 aes Tt — 35.84 —21.66 —13.94 — 9.42 
37.5 — 370.84 —155.63 ay — 42.94 —25.99 —16.77 =A S7 
40.0 — 436.65 —183.31 — 90.94 — 50.65 —30.70 —19.83 —13.47 
45.0 — 581.48 —244.21 —121.26 — 67.61 —41.05 —26.59 119 
50.0 — 739.50 | —310.68 — 154.34 — 86.14 —52.37 —33.98 — 35 39 
55.0 — 904.36 — 380.03 — 188.87 —1€5.47 —64.18 —41.70 —28.54 
60.0 — 1068.79 — 449.20 — 223.31 —124.77 —75.97 —49.41 —33.85 

TABLE D— COMPARISON OF VARIOUS METHODS OF ANALYSIS 

t = 4 in: De = 25: Dat 
Pi 10. Tt pe = 50 psf 
t = 66.7 ft r/t = 0.15 
gx = 60 deg r/t = 30 
¢ Method | rT? T¢* S* Mgt 
6 Beam — 29,750 — 980 0 —110 
k Modified beam — 29,750 —1,190 0 ~ 
(Crown) Shell — 30,420 —1,460 0 —504 
Maditied b =H 00 — 1,30 =is0 = 359 
ed beam —23, =i aaa 2a 

sees Shell — 24,610 —1,260 —3,510 —347 

Beam — 6,710 — 420 —6,910 90 

0.506 Modified beam = 6,710 — 600 —6,910 6 
k Shell — 7,300 — 730 —56 25 
Beam 20,620 0 —5,940 82 

0.256, Modified beam 20,620 = 150 —5,940 341 
Shell 21,030 = 160 —4,860 357 

0 Beam 56,240 110 0 =28T 

; Modified beam 56,240 0 0 470 
(Valley) Shell 59,320 20 0 416 


t rely pend. 

valley in a typical shell can be obtained from Fig. A and B for various 
r/l ratios. The ordinate represents the ratio of the moment My, at any 
point to the moment at midspan computed by the beam method or by a 
single sinusoidal load, designated as M¢,. 

The curves have been computed by the method outlined in ASCE 
Manual No. 31, using a sufficient number of terms in the Fourier series 
to achieve an accuracy within 1 percent. At the crown, the distribution 
of moment (when r/l is greater than 0.4) adheres quite closely to a sine 
distribution. Even for very long shells, the maximum moment is only 
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TABLE E— MOMENT OF INERTIA 


t 
X ak 
Neate Cole (11) 
gx, deg (11) ox, deg CEL) 

22.5 0.00041 37.5 0.00502 
25.0 0.00068 40.0 0.00687 
27.5 0.00110 45.0 0.01216 
30.0 0.00168 50.0 0.02017 
32.5 0.00249 55.0 0.03174 
35.0 0.00358 60.0 0.04782 


reached at the quarter point. Along the valley, as one would expect, the 
moment increases at a slightly greater rate. In both places, it is evident 
that for values of r/l greater than 0.4, a sine distribution agrees more 
closely with the actual distribution than the constant value resulting 
from the beam method. 

It should be noted that Tables A and B are only for shells continuous 
in the transverse direction. No attempt was made to provide data on 
single shells because of the infrequent use of such shells and because 
of the limited applicability of the beam theory. It must also be kept in 
mind that the excellent agreement shown in Dr. Chinn’s article holds 
only when adjoining shells are identical and loaded symmetrically. 

To facilitate the determination of the deflection, coefficients for de- 
termining the moment of inertia of the cross section are tabulated in 
’ Table E. 

The writers concur with the statement made by Dr. Chinn that the 
beam method gives sufficient accuracy in many practical cases. How- 
ever, a careful scrutiny, should always be made when r/I is greater than 
0.6 or the boundary conditions and loading differs from those used in 
the examples. 


By A. SIEV* 


Prof. Chinn shows clearly the close agreement, on the bases of certain 
assumptions, between calculations by the beam method! and ASCE 
Manual No. 31.” 

However, the statement that the beam method “can be used for any 
values of r/t and l/r, provided the assumptions involved in the method 
are sufficiently satisfied” should be qualified in view of the connection 
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between the values of r/t, r/l, and the assumptions made. In the same 
context, the transverse stresses remain almost unchanged for any value 
of r/t and r/l provided they are in the same range. 

This range can be determined by examination of the assumptions. 

The first assumption is theoretically impossible. If all points on a trans- 
verse cross section are equally deflected vertically without horizontal 
displacement, deformation sets in — in contradiction to the beam method 
calculation. However, it can be proved that deformation of the cross 
section cannot exceed a certain amount (as M, has the role of distrib- 
uting the load transversely) while the vertical deflection varies approx- 
imately as the fourth power of the shell span. Therefore, the higher the 
flexural rigidity compared to the longitudinal rigidity, the closer the 
agreement with Assumption (1); the same applies to Assumption (2). 
Factors influencing this relation are: r/l, r/t, ¢,, and continuity of shell; 
continuity over supports increases longitudinal rigidity, while transverse 
continuity (multiple barrel shell) increases shell arch rigidity. 

Deflection according to theoretical Assumption (1) [Reference l, p. 
78] obeys Bernoulli’s law of linear distribution of longitudinal stresses 
te 


Fig. 2? shows clearly how this takes place when / increases, and the 


effect of transverse continuity is seen by comparing Example 1? (curved 


T, distribution) with Example 2 (almost linear 7, distribution). This 
shows that the condition r/l < 0.2 (Reference 2, p. 2) for straight line dis- 
tribution of 7, in a single barrel shell is replaced by at least 0.9 > r/l 
in a multiple barrel shell (Fig. 8, Reference 5). All multiple barrel shells 
covered by the range r/l < 0.6 of Table 2°, and more, (which includes al- 


most all practical cases) are cases of straight line distribution. Let us 
refer to such a shell as a “long” shell. 


In the numerical examples given by Prof. Chinn only such “long” 
shells are dealt with and therefore an almost straight line distribution 
of 7, was obtained. However, the four required values My, S, T,, Ty [in 


view of Assumption (2)] are interrelated by three equations of equi- 
librium in both methods, so that if one of them is found by strain con- 


siderations the other three are determined unambiguously. T, being 


almost the same by both methods, it is apparent that the other values 
must also be almost the same. 

Had a “shorter” shell been studied (i.e, Example 1 of Reference 1) no 
such agreement would exist. These considerations lead to the suggestion 
of a new table for an inner shell (circular cross section), as a sequel to 
Prof. Chinn’s work — based on functions of ¢; only, which will be much 
easier for use. The old tables* will continue to serve only for single 
shells or very short ones (Reference 2, Table 3). Definition of the range 


of long-span beams in the various conditions will be necessary in that 
case, 
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By ANTON TEDESKO* 


The author is to be commended for a well prepared paper giving a 
simplified analysis of cylindrical shells. Since the range of applicability 
of simplified methods of design is often not fully realized by the reader 
of such and similar papers, it is the purpose of this discussion to point 
to the limitations in the use of approximate methods of design. 

For many years it has been the practice of the company with which the 
writer is associated to devote considerable effort through field and office 
research toward gaining a better understanding of the behavior of shell 
structures. Our methods of design based on the theory of elasticity and 
on so-called exact solutions require fairly extensive calculations. We ana- 
lyzed our solutions in an effort to see what approximations could be made 
to simplify calculations for future designs. From these observations the 
writer came to the conclusion that approximate methods of design are 
primarily useful for the purpose of preparing a preliminary estimate of 
materials or to determine variations of design values where an exact 
analysis of a similar structure is already in existence. 

The writer has used an approximate approach similar to the method 
described in the author’s paper and from past results knows that the total 
tensile and compressive forces checked rather well with those obtained 
by the exact solution, but that values for maximum direct stress and for 
transverse bending moments were unreliable, the exact values for bend- 
ing moments sometimes being many times greater than those obtained 
by the approximate method. 

For single radius cylindrical shells, the diagrams for direct stresses and 
moments are rather quickly computed by the exact method and it hardly 
seems worthwhile to save a small amount of time by following an ap- 
proximate method leading to results which only the experienced designer 
can judge as to their accuracy. 

The writer believes that the idea of reducing the shell design work and 
substituting approximate procedures can only be accepted where there 
is direction of the design group by an engineer versed and experienced 
in the behavior of shells. This experience can only be acquired through 
exact analyses of shells. Only by comparison with exact studies can a 
designer develop a feeling and judgment as to when, where, and within 
what ranges the results of simplified analyses may be useful and where 
departures from conventional details are permissible. . 

The author’s paper has merit in the hands of the proper people and is 
considered a worthwhile contribution in the field of shell literature. 


*Member American Concrete Institute, Vice-President, Roberts ‘and Schaefer Co., Engi- 
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By ALFRED ZWEIG* 


Dr. Chinn has rendered a valuable service to the profession with his 
publication describing the cylindrical shell analysis simplified by the 
beam method. To analyze a shell as a beam is certainly much simpler 
than to apply the more general method contained in ASCE Manual No. 
31. 

Although there are definite limitations for the use of the beam method 
as emphasized by Dr. Chinn in the introduction to his paper, the example 
used in ASCE Manual No. 31 as well as the example in Pamphlet ST 37 of 
the Portland Cement Association are well within the range of this meth- 
od. And the importance of Dr. Chinn’s paper lies primarily in the fact 
that he has demonstrated how close the results of the approximate meth- 
ods correspond to those of the more accurate analysis. 


This paper is valuable also in that it furnishes the designer with a set 
of fully developed formulas pertaining to a rather commonly used shell 
shape. 


There is, nevertheless, one great shortcoming in this paper which less- 
ens its practical applicability to the every-day use by the designing engi- 
neer. Almost all values required for the shell design, such as moment of 
inertia, deformations, rotation, moments, normal force, etc., are repre- ° 
sented as small differences of large quantities and, consequently, these 
values can only be obtained with any degree of accuracy by the use of a 
calculating machine exact to the seventh-decimal place. 


Accuracy to this extent would require much more time and greater 
effort than the average engineer would be willing to invest — even for 
the design of a cylindrical shell roof; and, with its resultant susceptibility 
to innumerable mistakes, the practical value of this approach may be 
in doubt. 


If the form in which Dr. Chinn presents his derivations were the only 
one available, the writer, for one, would prefer the tables of ASCE Man- 
ual No. 31, which permit the use of the slide rule, rather than a method 
which compels one to use seven-place decimals. 


Fortunately, there is a way out of this dilemma. All formulas presented 
by Dr. Chinn can be developed in various trigonometric power series 
leading to expressions which avoid small differences of large quantities 
and which, therefore, are adaptable for ordinary slide rule use. 


Further simplifications can be obtained by contracting certain terms. 
It is not, for instance, advisable first to determine the influence of the 
vertical loads at a far distant point from the origin, then to establish the 
moments due to the shear forces at the same point, and, finally to sub- 
tract one from the other value. It is, rather, preferable to combine the 


*Member American Concrete Institut a 
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values of, say, Eq. (5) and (14) and (9) and (14) and to use the formula 
of the final difference. 

In this connection, the choice of the statically indeterminate values 
by Dr. Chinn might be questioned. While it is true that his approach has 
the distinct advantage that the two statically indeterminates can be eval- 
uated with two independent equations, each with only one unknown, the 
writer has used in a similar problem the three-hinged arch as the stati- 
cally determinate main system. Although this leads to a set of two equa- 
tions, one dependent upon the other, and the solution is, therefore, a bit 
more cumbersome than the elastic center approach, the writer prefers 
the three-hinged arch as the main system since the answers thus obtained 
are less sensitive to small errors. The reason for this lies in the general 
truth that any statically determinate main system should be chosen so 
that it comes as close as possible to the action of the indeterminate 
structure and that the redundants should add only minor corrections to 
the main system. From this point of view, the moments on the three- 
hinged arch will resemble the final moments much more than the mo- 
ments of the statically determinate main system chosen by Dr. Chinn. 

To be able to apply the power series approach to those equations which 
contain, in addition to the expression ¢x, also the value ¢, such as, for 
instance, Eq. (9), (12), (14), ete., it is advantageous to express ¢ as frac- 
tions of ¢x. 

Later in this discussion, all formulas presented by Dr. Chinn resulting 
in the difference of large values have first been transformed through 
power series and then properly combined into expressions which can be 
used with an ordinary slide rule. Formulas have been prepared for ¢ = 0, 
$ = $;/2, and ¢ = $x. 

There is another question which comes to mind in connection with Dr. 
Chinn’s paper, and that is: What is the distribution of M, and T, values 
in the direction of the longitudinal span of the shell? Dr. Chinn does not 
discuss this question. ASCE Manual No. 31 recommends varying the My 
and Ty values according to sin (xx) /l. The recommendations of Manual 
No. 31, however, do not seem to be justified. 

As pointed out by Dr. Chinn, the M, and 7, values are solely a func- 
tion of dVQ/Ib. For a uniformly distributed load dV /dx is constant for the 
full length of the beam and, consequently, the My and Ty values should 
remain constant for the full length of the shell and should not be reduced 
according to sin (xx) /l. The recommendations of Manual No. 31 in this 
respect are not on the safe side, and the designer should be warned not 
to reduce the reinforcing for My and Tg as suggested in Fig. 21, p. 54 of 
Manual No. 31. 

The conclusions of the manual are understandable from the general 
approach therein. In the manual the uniformly distributed load is re- 
_ placed by one following the cosine law in order to solve the differential 
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equation. Consequently dV /dX follows the sine law from which the man- 
ual concludes that the M, and Ty distribution should be the same. 

The beam method, on the other hand, shows clearly that dV/dX is con- 
stant and that the recommendation of the manual in this respect must be 
properly adjusted. 

It is true that, directly at the support, the My and T, values will vanish 
because of the rigidity of the end supports; but the influence of the end 
support will disappear much faster than the sine law would indicate and, 
for practical purposes, the My and Ty values should be assumed to be 
more or less constant for the full length of the shell. 

Finally, there should be mentioned a small omission in Dr. Chinn’s 
paper, which otherwise was obviously done with greatest care and dili- 
gence. In the notations the definition of w was omitted. Upon inquiry by 
the writer, Dr. Chinn supplemented these notations, as follows: 


For dead load: wor = 2por Tox 
For live load: Wu = 2prur7 Sin ¢x 


DERIVATIONS 


The following derivations are made with the use of the coefficients in 
Table F. The trigonometric series sing = ¢ — 8/3 + 6/5 —¢'/1 + .-%: 
and cos¢ = 1— ¢?/2 + ¢4/4— 9¢°/6+.... can be found in many hand- 
books. To properly transform all formulas pertaining to the design of 
cylindrical shells, the knowledge of the coefficients for the power series 
of other trigonometric functions is required. For this reason the writer 
has prepared Table F which contains the coefficients for these functions. 
Where feasible, a general expression for the coefficients is shown in the 
last column of the table. Since, in many equations, the coefficients with 
smaller exponents cancel out, indicating the fact that the function under 
consideration has a small value, it is necessary to develop some of the 
coefficients for expression up to and including the eleventh power of the 
series. 

Eq. (1), (4), (8), and (17) through (21) of Dr. Chinn’s paper do not 
require any modification. All other expressions have been developed in 
trigonometric series. Eq. (5a) and (9a) have been added. They are the 
result of combining Eq. (14) with Eq. (5) and (9), respectively. To do so, 
the expression for the moment of inertia in Eq. (2) has been substituted 
in Eq. (14), and the yalue for w has been inserted either as 2prdx, when 
- considering dead load [Eq. (5a) ], or as 2prsing; for live load [Eq. (9a) ]. 
Eq. (5a) and (9a) are especially advantageous when considering the 
moments for ¢ = 0, since the individual application of Eq. (5), (9), and 
(14) may lead to results not accurate enough when restricting the design 
to the use of the slide rule. aE 
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Omitting the tedious derivations, the final results are: 


Eq: (2)? 


27" : 
Le 315 (7o.° — ox") 


Eq: (3)5 ¢=0:Q=0 


Dead load 


r : 
-:Q= 4-( oe — 16 


px 


o=—ae “M=0 


Eq. (5a) [combining Eq. (5) with Eq. (14)]: 


¢=0: 3M =799 (7. — on*) PY 


252¢%" — 103¢x" 


2 


11,088¢,7 — 5031¢,° 


= : 3M = 76 384 (To? — oa) PP 
ze ? fet ; 
Eu. (6): = = se - fe. e) 
ae 17 
Ea. (1): Gy (Ado = (Vote oe ) 


Uniformly distributed load 


Eq. (9): ¢=0:M= a 2 ) 


4 
pr pr 
eee 9 as | oe! — it) 
gp = pr M=0 


Eq. (9a) [combining Eq. (9) with Eq. (14) 2 
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Et® r ( Tht 11¢1" 
Eq. (11): Gg CA») star ss = oe ) 


Shear difference 
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Eq. (12): @=0:F.= “pr | PA ee oe ) 


wr* 7 
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; Dig: 7 
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or dr : M — 0 
Ee wr 19 
Bqe(15)% 12 Orc = “6301 ( pr — 180 pe ) 
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NUMERICAL EXAMPLE 


The application of these formulas will be demonstrated on Example 2 
from ASCE Manual No. 31 which was also used by Dr. Chinn. Note, how- 
ever, how much simpler the arithmetic is and that in no instance more 
than slide rule accuracy is required to get results sufficiently close to the 
more exact values of Manual No. 31. The figures in bracket are, unless 
otherwise mentioned, those obtained by Dr. Chinn. 


The following basic values will be used: 


¢x = 40 deg = 0.698 gx’ = 0.0564 r* = 924,000 
gx? = 0.487 ox? = 0.0394 > = 28,600,000 
gx = 0.340 gu” = 0.0275 r° = 888,000,000 
gut = 0.237 gx = 0.0192 sing, =..0.643 
gx® = 0.166 r = 31 ft Binds 
éut = 0/116 r = 961 ee ag Oe 
ox’ = 0.0808 ee ee 
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Dead load = p = 47 psf 

Live load = p = 25 psf 
Wor = 2pvu Toe = 2 X 47 X 31 X 0.698 = 2033 Ib per ft 
wu = 2p 7 sings = 2 X 25 X 31 x 0.643 = 997 lb per ft 
w = 3030 lb per ft 


From Eq. (2): 
2 800 
I= 2x. 00 (1.162 — 0.081) = 205 ft® [204.777] 
From Eq. (6): 
ie Cau aie (0.1188 — 0.0083) = 73,700 [73,710.36] 


From Eq. (10): 


Et 25 x 29,800 
12 x= 2 


(0.1133 — 0.0249) = 32,800 [33,718.87] 


From Eq. (15): 


Et’ _ 8030 x 28,600,000 


Fg Ox = 630 »< 205 (0.0808 — 0.0041) = 51,500 [51,685.93] 


From Eq. (20): 


E 
Orc = 31 X 0.698 Mec= 21.6 Mec _—[21.642092 Mec] 


Solving for Mec: 
73,700 + 32,800 — 51,500 = 21.6 Mue 


Re a = 2550 ft-lb per ft [2575.69] 
From Eq. (7): 
Et*(An) xe = sane (1.162 — 0.098) = 128,000 [128,554.03] 
From Eq. (11): 
Et*(An) xe = Foe (0.581 — 0,127) = 58,100 (59,552.1] 


From Eq. (16): 


3030 > 880,000,000 


Et?( As) no = 648 ye 205 


(0.00563 — 0.00045) = 104,000 { 106,379.81] 
From Eq. (19): 
; 205 
Et (An) ve = oe Hee = 102.5 Huec {102.389 Hue] 


Solving for Hzc: 
128,000 +- 58,100 — 104,000 = 102.5 Hee 


82,500 
Hire = 1025 = 800 lb per ft [798.19] 
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Before getting the final moments on the statically indeterminate system, the 
moments M, on the statically determinate systems resulting from the vertical 
loads and the influence of the shear difference are obtained for ¢— $x/2 with 
the help of Eq. (5), (9), and (14) and for ¢=0 with Eq. (5a) and (9a). 


For ¢=¢x : M. =0 


s 


= —47 x 961 ae 
For g¢=-5-: M,=——g—— (0.487 — 0.054) Sexe Vesna 
3030 x 924,000 
46,080 x 205 (3.37 — 0.152) 


— —2450 — 1050 + 950 = —2550 ft-lb 


20.36 — 4.06 6.78 — 2.64 


Morente 0 PMk. Nh, ee 47 PAE argent See 2 
x 961 F959 x< 1.081 — 2° x 91 G4 x 1.081 


— —3540 — 1430 = 4970 ft-lb 


Moments M reflecting the influence of the statical indeterminacy are: 
For ¢= ¢« M = 2550 + 800 x 31 (0.766 — 0.921) = —1290 ft-lb 


one 
For ¢ = —5— M = 2550 + 800 x 31 (0.940 — 0.921) = +3020 ft-lb 


For ¢=0 M = 2550 + 800 x 31 (1.000 — 0.921) = +4520 ft-lb 


The final moments are established by adding M. to M. The values in brackets 
are the moments derived on p. 56 of ASCE Manual No. 31 and multiplied with 
the coefficient 7/4. 


For ¢$=¢+  M=0—1290 = —1290 ft-lb - [—1170] 
es - M = —2550 + 3020 = +470 ft-lb [+394] 


¢=0 M — —4970 + 4520 = —450 ft-lb [—435] 


This comparison shows that the answers obtained with a slide rule are 
sufficiently close to those resulting from the more accurate analysis of 
Manual No. 31. 


AUTHOR’S CLOSURE 


The writer is indebted to all the discussers for their excellent com- 
ments on his paper. Their discussions have increased the value of the 
original paper manyfold. 

Messrs. Siev and Parme and Conner point out that the assumption of 
equal vertical deflections of all points and no horizontal deflections is 
theoretically impossible. They recognize, however, that this assumption 
need not be exactly satisfied, a point the writer intended to be expressed 
in the statement “provided the assumptions involved in the method are 

sufficiently satisfied.” é 
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Messrs. Siev, Parme and Conner, and Tedesko have commented on 
the range of applicability of the beam method. Mr. Siev suggests that 
the method is applicable for an r/l of at least 0.9, while Messrs. Parme and 
Conner call for a “careful scrutiny” of its applicability when r/l exceeds 
0.6. The two shells shown in the writer’s paper had r/l of 0.5 and 0.9, 
respectively, This can be used as a guide; however, it should be ob- 
vious that r/l is not the sole parameter to be used in setting a limit of 
applicability. r/t and ¢;, would certainly be expected to have an affect. 
Until someone makes a sufficient number of comparative designs be- 
tween the beam method and the exact method, the limits of applica- 
bility cannot be defined. The writer is of the opinion that competent 
designers possess sufficient judgment to decide when the assumptions 
of the beam method are sufficiently satisfied. 

The intent of the writer’s original paper was to present formulas ap- 
plicable to one particular structure, the cylindrical shell of constant 
thickness. Mr. Ketchum has ably shown how the principles of the beam 
method can be applied to other shells. He also points out that the beam 
method gives a good insight on the physical action that takes place in 
shell structures in terms that are familiar to the average designer. 

The writer is deeply indebted to Messrs. Parme and Conner for their 
extensive work in preparing the tables of coefficients which greatly sim- 
plify the calculations involved in the beam method. These tables are 
essentially the ones Mr. Siev has suggested should be prepared. The 
calling attention to the error induced by membrane deflections and the 
preparation of tables for calculating this effect are very much appre- 
ciated. Many readers would no doubt be interested in seeing the equa- 
tions used to prepare these corrections, and it is hoped that Messrs. 
Parme and Conner will publish them. Perhaps this correction eliminates 
some of Mr. Tedesko’s objections to the beam method. 

Mr. Zweig’s contribution is a worthy one. The writer had thought 
about trying to simplify his equations; but when a solution by these 
equations did not agree with one using formulas from Reference 1 which 
appeared to be a power series solution, it was erroneously concluded 
that a power series solution was not accurate. Fortunately Mr. Zweig 
did not reach the same conclusion. 

Messrs. Parme and Conner as well as Mr. Zweig re-emphasize the 
writer’s statement that his equations require a high degree of accuracy 
in numerical calculation and are therefore not suited to slide rule calcu- 
lation. Whether one would use the writer’s equations in preference to 
those of ASCE Manual No. 31 is a matter of individual choice. It should 
be pointed out, however, that Manual 31 limits itself to r/t of 100 and 
200 whereas the writer’s equations contain no such limitation. It is doubt- 
ful that Mr. Zweig would choose the equations of Manual 31 for other 
values of r/t in preference to the writer’s equations. Mr. Zweig’s sug- 
gestion of using the three-hinged arch as the statical arch structure is 
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an excellent one, and coupled with the method of column analogy would 
not require the solution of simultaneous equations. 

Messrs. Zweig and Parme and Conner have discussed the matter of 
the longitudinal distribution of My. The exact solution indicates that 
M, begins to decrease at a significant distance from the supports. It 
should be remembered that the exact solution is based on supports which 
are basically diaphragms and includes the effects of twisting moments. 

It seems to the writer that the matter of twisting moments has been 
mishandled in structural practice. In both plate and shell structures, 
solutions are obtained assuming that twisting moments do exist (some- 
times reducing bending moments by as much as 50 percent), but the 
shearing stresses which would be induced by these twisting moments 
are never checked to see if they are excessive. In reinforced concrete 
there is some question as to whether plates and shells are capable of 
resisting moments. The writer recalls hearing of tests performed in 
Sweden that indicated slabs are incapable of resisting twisting moments 
after they crack. All the shells with which the writer is familiar were 
subject to considerable shrinkage cracking. 

Another practical aspect to cylindrical shells is the matter of the ac- 
tual loading versus the assumed loading. The live load on a shell is 
normally snow load assumed to be uniform on a horizontal projection. 
More likely the snow will tend to be deeper in the valleys than at the 
crown. The effect of uniform-load membrane deflection on My as com- 
pared to negligible effect for dead load would indicate that the actual 
distribution of load has great influence on Mg. 
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Dise. 55-72 


Discussion of a paper by M. F. Kaplan: 


Flexural and Compressive Strength of Concrete as 
Affected by the Properties of Coarse Aggregates* 


By J. F. McLAUGHLIN, B. G. SINGH, and STANTON WALKER 
and DELMAR L. BLOEM 


By J. F. McLAUGHLIN?+ 


Dr. Kaplan has made an interesting contribution to the literature 
concerned with variations in the flexural and compressive strength of 
concrete. There are, however, several questions that should be raised 
in connection with the statistical analysis of the data. This discussion 
is confined to these matters. 

Table A shows the general experimental layout used by Dr. Kaplan. 
It is an expansion of Table 6 to include space for the individual ob- 
servations that go to make up the means shown in his Table 6. A sim- 
ilar layout was used for flexural strength. If we assume that the 
specimens made on different days are replicates and not a nested 
effect, this is a three-way classification with three observations per 
cell. If all interactions are considered possible, the mathematical mod- 
el is 

Vareue= i oie As +M,+ AMi; + C. + ACuw + MC + AMCisn: + etjnt 
where A = aggregate effect, M = mixture or gradation effect, C = effect 
of curing time, and « = random effect. 

Since the purpose of this investigation was to «'..determine the 
effects of the properties of 13 different coarse aggregates on the flex- 
ural and compressive strength of concrete...”, it would appear that 
the first step should be an analysis of variance of the data so that it 
can be determined if aggregate effects are significant. The analysis 
and appropriate F-test follow from the model. If it is found that the 
means are significantly different (at say the 5 percent level), one can 
then proceed to further analysis which might be to make individual 
comparisons of the means in question by the Duncan procedure fol- 
lowed perhaps, by multiple regression. If, on the other hand, these 
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TABLE A—EXPERIMENTAL LAYOUT OF COMPRESSIVE STRENGTH, PSI! 


Mixture or aggregate grading 
1 . Il Ill 
Aggregate a 
7 days | 28 day’| 91 days| 7 days| 28 days| 91 days| 7 days 28 days| 91 days 
Batch 1 
Batch 2 
A 
Batch 3 
Mean 7780 9770 10,360 | 3770 5910 6880 1880 | 3140 4010 
Batch 1 ) 
Batch 2 
B 
Batch 3 
Mean 8080 10,560 11,640 | 4100 6240 7380 2140 3330 4140 
Batch 1 
Batch 2 
N 
Batch 3 
Mean 8140 1€,410 11,460 4250 6500 7500 2170 3340 4070 


means are not significantly different by our test criterion, then we must 
conclude that chance variation alone can account for the observed dif- 
ferences and perhaps this is where the analysis should end. 

There is no statement in Dr. Kaplan’s paper to indicate that such a 
significance test was made and since only averages are reported, one 
does not have sufficient information available to make the analysis 
himself. This leaves the reader uncertain as to the validity of the sub- 
sequent conclusions that are drawn, especially when he is aware that 
it is not unusual to find that the results of strength tests on concrete 
have a coefficient of variation of 5 percent. 

With respect to the regression analysis that was performed, the re- 
sults of which are shown in the author’s Table 9, it is indicated that 
the coefficients for shape and surface texture were not significant in 
the majority of cases. Also, there does not appear to be a good the- 
oretical basis for obtaining the R*, reported as 84 percent for flexural 
strength, by averaging the individual values found in the separate re- 
gression analyses. It would help the reader if the individual values of R? 
were reported together with a statement as to whether these analyses 
were performed on means or individual observations. 

In summary, the paper leaves much unsaid and leaves much to con- 
jecture on the part of the reader. Since strong statements are made 
regarding the influence of aggregate characteristics on flexural and 
compressive strength of concrete, some of these points need clarification. 


TRENGTH AFFECTED BY COARSE AGGREGATES 1607 
By B. G. SINGH* 


We are indebted to Dr. Kaplan for his interesting paper. The absence 
of more specific conclusions from such an obviously painstaking study 
should not detract from its usefulness. The data presented may well 
serve as a foundation for future investigations in a field which seems 
promising. However, it would seem possible to give a somewhat differ- 
ent interpretation than that given. 

Although Eq. (1) and (2) clearly indicate that strength, all other 
factors being equal, is mainly influenced by: 

(1) The modulus of elasticity of the coarse aggregate, e. 
(2) The angularity number of the coarse aggregate, a. 
(3) The surface texture of the coarse aggregate, s. 
There are obviously other factors not taken into account in view of the 
poor correlation between the equations and the results at any given 
age. Even after averaging the constants and results for various ages the 
correlation drawn in Fig. 6 still shows reasonable scatter. Dr. Kaplan 
makes three suggestions in an attempt to explain the results: 
(1) The rougher surface as measured by s will result in greater adhesive 
force between the cement and the aggregate. 
(2) The angularity as measured by a contributes to strength because 
angularity is associated with greater surface area. 
(3) Lower modulus of elasticity produces lower strength because it de- 
forms easier. 

While a rough surface will undoubtedly contribute to mechanical 
bond, the development of adhesion is a function of the physico-chemical 
properties of the surface and the adherend. Although there is no known 
method of measuring such surface properties, in relation to bond, these 

could be inferred qualitatively from test results of the type obtained. 
The suggestion that the more angular material with its greater surface 
area contributes to strength seems to be somewhat doubtful for an in- 
crease in surface area will lead to a decrease in cement per unit ag- 
gregate area and so lead to lower strength. It might be inferred from 
the suggestion that if the coarse aggregates were broken down further 
to increase the surface area a higher strength would have been obtained, 
which is unlikely. Interlocking of the coarse aggregate due to roughness 
and angularity to give higher strength is also doubtful, for the lean 
mix is less sensitive to aggregate type. 

As the modulus of elasticity of the aggregate is many times greater 
than that of the resultant concrete, it is clear that the cement matrix 
has a lower value. Also as the mean diameter of the aggregate particle 
decreases, relatively more cement will be associated with it and as a 
result the regions of fines will deform more readily and so tend to cause 
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differential movement within the mass— particularly when highly 
stressed. The larger particles such as the coarse aggregate will deform 
less readily and so develop higher bond stress, in some respects similar 
to reinforced concrete. Thus the larger the aggregate size and the higher 
the modulus of elasticity, the higher will tend to be bond stress, and 
for a given bond strength a higher e value should give a lower strength. 
This reasoning leads to the conclusion that type of surface becomes 
more important as the size of the aggregate increases, which may ex- 
plain the significant effect of the coarse aggregate in spite of the fact 
that it contributed only between 8 to 16 percent of the total aggregate 
surface. 


The modulus of elasticity, angularity, and surface texture must be 
related to the type and size of crystals forming the material. As the 
type and size of crystals will also determine the kind of mechanical 
and physico-chemical bond between the particles and the cement matrix, 
it would appear that the factors shown to be related to strength in the 
present paper are inseparable from those affecting bond. If bond is as- 
sumed to influence strength as outlined, then it is conceivable that al- 
though Eq. (1) and (2) may predict the same strength for two aggre- 
gates, significantly different results could be obtained, which may ex- 
plain some of the scatter obtained. 

It has been suggested in an earlier discussion that strength of con- 
crete may be considered to be closely related to: (1) water-cement ra- 
tio; (2) bond between cement matrix and aggregate particles; (3) 
strength of aggregate particles; and (4) voids. 

The water-cement ratio determines the strength of the cement matrix 
and influences both strength of the matrix and bond; and bond stresses 


develop provided that the matrix has sufficient strength and the ag- 


a 


gregates are stressed to crushing point. Thus at low strengths, water- 
cement ratios tend to determine point of failure. Thus the effect of 
aggregate type is of less significance with lean mixes and high water- 
cement ratios, whereas at higher concrete strengths, bond and aggregate 
strength assume greater importance. 

If compressive strength for each age of test and mix proportion is 
plotted against an arbitrary scale, say 0 to 1, 0 representing the lowest 
and 1 representing the highest and the other remaining 11 results fitted 
in their relative position with respect to strength (see Fig. A), per- 
formance of each could be read off on the arbitrary scale. It will be 
observed that except for the behavior of Mix 1 for 28 and 91 days the 
aggregates performed with surprising consistency, with H and L oc- 
cupying approximately the highest average position and E occupying 
the lowest. Similar plots (see Fig. B) for flexual strength show J, N, 
and H occupied the highest average position whereas A occupied the 
lowest. It will be observed that N performed significantly better with 
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respect to flexual strength than compressive strength. Thus it would 
seem that a coarse aggregate that gives a high flexural strength may not 
necessarily give a high compressive strength as indicated by Eq. (2). 

It has been shown* (Fig. C) that concrete strength for a given 
aggregate-cement ratio depended on both water-cement ratio and spe- 
cific surface of the aggregate and a single curve for Ham River aggre- 
gates was obtained when strength was plotted against: 

go = w/e + kSon 


Where w/c = water-cement ratio by weight 
S. = specific surface of the aggregate, sq cm per g 
n = aggregate-cement ratio by weight 
k =a constant: 5 x 10“ for compressive strength and 1 x 10° for 
flexural strength 


It has been suggested that the constant k may depend on the properties 
of the aggregate and possibly also on the properties of the cement. Thus 
for given w/c, S,, and n, strength may be reduced by a higher & value 
which could be interpreted as due to poorer bond. 


If the aggregate giving the highest strength is assumed to give a 
perfect bond and strength as assumed to be determined by water-cement 
ratio alone, i.e., k = 0, and the relationship between strength and ¢, are 
similar to that shown in Fig. C except for a displacement of the curve, 
then it is possible to obtain & values for the average position occupied 
by each aggregate, if the specific surfaces of the aggregates are known. 
Assuming that the fine aggregates were similar to Ham River it is pos- 

*Singh, B. G., “Specific Surface of fy «a Char Related to Compressive and Flexural 


Strength of Concrete,” ACI Journat, V. 29, No. 10, Apr. 1958 (Proceedi . i -907; 
discussion: V. 30, No. 6, Part 2, Dec. 1958 (Procasdinge Vi. 54), pp. “Greeiser chee tes dL 
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sible to estimate the specific surface of each of the three gradings. With 
this assumption, specific surface of Grading 1 was estimated to be 12.7 
sq cm per g; Grading 2, 16.7 sq cm per g; and Grading 3, 22.5 sq cm per 
g with a variation of about + 6 percent due to shape and specific grav- 
ity of the various coarse aggregate. Thus assuming s —0 for H and L, 
the following values x 10% were obtained for compressive strength: 


3.55 


1.45 


1.45 


7.2 


1,94 


a a} ee eer Ker ee 
2.16 0 0.8 4.04 0 3.55 2.65 


These values could be used to relate ¢, to strength (see Fig. D) for each 
mix proportion and age of test, except for Mix 1 for 28 and 91 days, 
which compares favorably with Fig. 6. 

Similarly a set of values could be obtained for flexural strength 
assuming k= 0 for J. The following values x 10% were obtained: 


15.0 4.8 5.2 


A | Be ee 
19.0 10.0 17.0 10.0 13.0 10.0 4.4 1.6 


These, as for compressive strength, were used to calculated ¢, and plot- 
ted against flexural strength (Fig. E). If the results included a greater 
number of water-cement and aggregate-cement ratios it would have 
been possible to draw up a single relationship for each age of test for 
both compressive and flexural strength. 

An obvious criticism of the values obtained for & is that it is based 
on the specific surface of the combined aggregate to which the coarse 
aggregate contributed a small part. However, as there is reason to be- 
lieve that the surface properties of the coarse are of greater significance, 


Compressive strength, psi 


Fig. D — Correlation be- 
tween compressive strength 
and ¢, for various aggre- 
gates used in study 


=u/e + n 
e= We +k 8) 


1612 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE Part 2 December 1959 


Fig. E — Correlation be- 

tween flexural strength and 

¢. for various aggregates 
used in study 


Flexural strength, psi 


this criticism should not be of over-riding importance. It might be noted 
that this is also a criticism of Dr. Kaplan’s equations. 


The effect of the various size groups should be of great interest, but . 


proper assessment must depend on future work. 

The great advantage in viewing the problem according to the concepts 
outlined is that there is no need to measure e, a, and s as tests could be 
made with the aggregates in concrete mixes under standard conditions 
and the decrease in strength resulting from the surface and other prop- 
erties of the aggregate could be evaluated in terms of equivalent water- 
cement ratio and the saving in cement that will result with the use of a 
particular type of aggregate could be assessed. 


By STANTON WALKER and DELMAR L. BLOEM* 


The discussion of effect of coarse aggregate properties on the com- 
pressive and flexural strength of concrete presented by Dr. Kaplan has 
been of great interest to us. We have studied the data carefully. We are 
impressed by the meticulous detail with which the author has carried 
out the laborious statistical analyses on which his conclusions are based. 


Our studies of the data have led to somewhat different conclusions 
than those drawn by the author. We have not been able to convince our- 
selves that the differences in strength of concrete made with the 13 
aggregates are truly explained by the author’s Eq. (1) and (2) involving 
modulus of elasticity, angularity, and roughness of aggregate. It is true 
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that these equations appear to fit the data very well, but to say that 
they portray their significance may be misleading. 

The concretes, made with aggregates of widely varying characteristics, 
all had the same proportions by weight and the same water-cement ra- 
tio for each of the three basic mixes. The proportions took no account 
of differences in specific gravity of the coarse aggregates; consequently, 
the quantity of cement per unit of volume of concrete varied. Further, 
for each basic mix, the ratio of fine to coarse aggregate by weight was 
the same throughout, taking no account of differences in particle shape, 
void content, or solid volume of the coarse aggregate. Accepted propor- 
tioning methods would require the ratios of fine to coarse aggregate to 
reflect coarse aggregate void content. 

Certainly, if the mixtures with high-void-content coarse aggregate 
contained enough fine aggregate, then those with low-void-content ag- 
gregate were over-sanded. That the use of fixed proportions would pro- 
duce concretes differing considerably in slump should also be expected. 
This effect is indicated in Table 3 where compacting factors suggest 
differences in slump of as much as 3 or 4 in. 

The use of a constant water-cement ratio for each basic mix is not 
sufficient, in our opinion, to make the concretes comparable. The cement 
contents differed; the ratios of fine to coarse aggregate were not com- 
parable; and the consistencies were not the same. These factors likely 
may have been principally responsible for the differences in strength 
which were found. 

As a matter of fact, the variations in strength were not enough to 
leave much room for influence by any of the variables. For compressive 
strength, they were not substantially greater than might have been 
expected if only one aggregate had been tested 13 times. For the flexural 


- TABLE B—-COEFFICIENTS OF VARIATIONS FOR 13 CONCRETES* 


Coefficients of variation, percent 
Age at test, Flexural Compressive 
Mix days strength strength 

I (1:3.08 it 7.8 4.8 
‘ ) 28 10.2 15). 55) 
91 9.7 6.0 
CST. 53 i 7.4 5.9 
a 28 10.2 6.0 
91 11.6 4.7 
, 10.2 7 5A 6.2 
a fae 0.26) 28 9.1 7.2 
91 9.2 6.5 


_— 


*These coefficients are calculated for the 13 values, representing the 13 aggregates shown 
in Table 5. ; 
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tests, the variations certainly were 
not more than twice what would 
have resulted from testing one ag- 
gregate 13 times. This is demon- 
strated by the coefficients of varia- 
tion, calculated for each age and 
each mix, shown in Table B. 

Since flexural strengths varied 
substantially more than compres- 
sive, we shall restrict our discus- 
sion to them. Further, we shall deal 
with average strengths instead of, 
as the author did, with individual 
strengths and average relation- 
ships. It can be shown that either 
procedure gives about the same re- 
sults. Table C summarizes the prin- 
cipal data on which our discussion 
is based. 


Of the three characteristics 


which the author considered to- 


correlate well with strength, the dynamic modulus of aggregate was said 
to exert the most influence. Two regression lines for dynamic modulus 
versus flexural strength are shown in Fig. F. These differ only in that, in 
one case, the out-of-character point for Aggregate K (with modulus of 
elasticity of only 3.3) has been omitted. Including K, the correlation coef- 
ficient is 0.678 which is significant with a 2 percent probability of error. 
That is to say, there are only about two chances in 100 that the rela- 


TABLE C—SUMMARY OF DATA ON AGGREGATES AND CONCRETE* 


Concrete 


Average strength, psi 
Average 


Aggregate 
Aggregate Rough- | Dynamic 
identifi- | Angularity ness modulus 
cation number factor (710-") 
1A 1 4.4 8.6 
B 5 5.3 8.6 
Cc 6 2.5 8.0 
D 8 2.2 8.0 
E 9 2.2 8.0 
F 2 9.4 10.7 
G 6 71.5 10.7 
H 9 13.1 10.9 
J 10 12.2 10.9 
K 9 16.6 3.3 
L 8 8.8 10.2 
M 10 11.6 10.5 
N 7 10.0 11.3 


Specific | cement Compres- 

gravity factor Flexural sive 
2.51 5.81 544 5944 
2.52 83 623 63! 
2.52 5.83 558 6287 
2.55 5.85 611 642 
2.58 5.89 609 5978 
2.61 5.92 609 1 
2.62 5.90 668 6513 
2.64 5.95 688 6779 
2.64 5.95 714 6752 
2.62 5.93 584 63: 
2.61 5.92 662 6951 
2.71 6.02 674 6606 
2.66 5.97 710 6427 

(8.4) 7 (4.3) 4 


*From author's Tables 3, 4, and 5. Concrete data are averages of all mixes and ages. 


{Coefficients of variation, percent. 
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tionship is accidental, even though EF may not have been a cause of the 
strength variations. Excluding K, the correlation coefficient is better, 
being 0.810, significant at a level of less than 1 percent. 

But why should modulus of elasticity have such a well defined effect? 
It is probably related to the strength of aggregate particles, but the 
author points out, and we agree, that all of the aggregates were strong 
enough in relation to the mortar that their strength was probably of no 
significance. 

A study of the data makes it immediately apparent that a good rela- 
tionship exists between dynamic modulus and specific gravity of the 
aggregate. Perhaps that is a fortuitous agreement rather than a real 
relationship, but it exists. It is self-evident that specific gravity has a 
well defined effect on the characteristics of concrete through its in- 
fluence on yield. The dynamic modulus versus specific gravity relation- 
ship is shown in Fig. G. With Aggregate K again omitted, the correla- 
tion coefficient is 0.826, which is significant at less than 1 percent. 

That specific gravity, when allowed to influence the cement content 
of the concrete, should correlate with strength seems completely rea- 
sonable. That an excellent correlation did exist is shown by Fig. H. The 
correlation coefficient is 0.831 which, again, is significant at less than 
1 percent. It should be emphasized that this relationship is a reflection 
of other factors — principally cement content but also fine-to-coarse 
aggregate ratio and consistency. In any event, whether by coincidence 
or otherwise, flexural strength was equally well related to both dynamic 
modulus and specific gravity of aggregate and these properties in turn 
were closely related to each other. It seems doubtful that either actually 
has a causal relationship, per se, to strength. 

Thus, while the author 
-has opened some highly 2 
interesting avenues for 
future investigation, we 
feel that he may have 
considerably over - em- 
phasized the significance 
of the aggregate proper- 
ties which he measured. 
That the high degree of 
simple correlation be- 
tween flexural strength 
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Fig. G — Relationship be- 
tween modulus of elasticity 
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and aggregate modulus of elasticity 
may have been a reflection of other 
factors, not considered in the anal- 
ysis, is suggested by our calcula- 
tions. Strength was no better corre- 
bo ie ) lated with aggregate modulus of 
| elasticity than with aggregate spe- 
cific gravity. The latter two proper- 
ties were found also to be closely 
| correlated with each other, and it 
eco] is easy to rationalize why specific 
gravity of aggregate, under the 
conditions of these tests, should 
have affected concrete strength. 
We are reluctant, therefore, to ac- 
cept the conclusion that modulus 
of elasticity of aggregate affected 
strength even though it correlated 
well. 
Aggregate surface texture would 


AVERAGE FLEXURAL STRENGTH OF CONCRETE, psi (y) 
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Fig. H—Relationship of concrete flex- 
ural strength to specific gravity of 
coarse aggregate 


strength, particularly in flexure. 
With all aggregates included, however, the correlation is just fair, pro- 


ducing a coefficient of only 0.488, significant at the 10 percent probabil- 
ity level. Here again, eliminating the eccentric Aggregate K (this time 
with an unusually high value for roughness factor) improves the corre- 
lation coefficient to an impressive 0.798, which is significant at less than 
1 percent. 

As implied above, angularity would be expected to correlate with 
strength in these tests because of the use of fixed proportions and the 
consequent influence of angularity and void content on workability and 
degree of over- or under-sandedness. The simple correlation coefficient 
for flexural strength versus angularity number was found to be a mod- 
erately low 0.551 when all aggregates were included and a slightly bet- 


ter 0.651 when Aggregate K was excluded. These values are significant 


at about the 5 percent and 2 percent probability levels, respectively. 
Considering the data in the light of our approach, we feel that mod- 
ulus of elasticity and angularity of the aggregate probably were related 
to strength only indirectly, either through mutual relations to other 
factors or through extraneous influences related to the methods of test- 
ing. This explanation does not appear to apply to the effects of surface 
texture, which may actually have been more than apparent, although 


it was necessary to eliminate one aggregate from the calculations to 
show a high degree of correlation. 


The author’s closure will appear in an early 1960 JOURNAL. 


be expected to affect concrete. 
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Disc. 55-75 


Discussion of a paper by Georg Wastlund 


Use of High-Strength Steel in Reinforced Concrete* 
By K. HAJNAL-KONYI, R. TAYLOR, A. ZASLAVSKY, and AUTHOR 
By K. HAJNAL-KONYIt 


In his very interesting paper Professor Wastlund has classified the 
requirements which a reinforced concrete structure has to fulfill under 
the following three main headings: (1) adequate safety against failure; 
(2) limited crack formation; and (3) limited deflection, i.e., sufficient 
rigidity. 

Each of these conditions establishes a “ceiling” for the permissible 
steel stress and it is of course the lowest of the three ceilings which 
is relevant. 

In the case of pure bending or of bending combined with a relatively 
small axial compression, adequate safety against failure can be obtained 
if the mode of failure is in tension, i.e., if premature failure in any of 
the other possible modes of failure enumerated in Professor Wastlund’s 
paper is avoided. Under this assumption it can be shown that if the 
value of the so called “tension reinforcement index” q = A,f,/bdf, does 
not exceed a certain limit (which depends on f,, on the ultimate strain 
of the concrete in compression, and on the bond between reinforce- 
ment and concrete) there is practically no ceiling to the steel stress. 
If the two other conditions could be disregarded, even high tensile 
wire with an ultimate strength of 120 tons per sq in. could be used 
as ordinary (i.e., nontensioned) reinforcement at say half its strength. 
This, however, is not true because the two other conditions impose 
a much lower limit on the working stress. Reference is made to Fig. 
6 in Reference 11 (Fig. A in this discussion) which represents the 
load-deflection lines of six beams of identical dimensions containing 
different percentages of various types and qualities of steel and demon- 
strates the significance of the three ceilings. 

The ultimate load on beam 20H reinforced with 0.178 percent of high 
tensile wire which was fractured at failure was 32 percent higher than 
the ultimate load on the comparable beam 4H reinforced with 0.98 per- 


* JouRNAL, V. 30, No. 12, June 1959 (Proceedings V. 55), p. 1237. Disc: 55-75 is a part of 
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cent mild steel although the cube strength of the latter was 20 percent 
higher. Yet beam 4H fulfilled both Conditions (2) and (3) until the 
maximum load was reached whereas beam 20H showed both excessive 
cracking and excessive deflection already at approximately 1/3 of the 
ultimate load. Thus for beam 4H the ceiling is the steel stress whereas 
for beam 20H the ceilings are determined by the crack widths and the 
deflection. 

Professor Wastlund has dealt with the question of crack widths in 
detail. Briefly, it may be stated that because of the crack widths, steel 
of a yield point or proof stress of more than about 100,000 psi can hardly 
be used economically as nontensioned reinforcement, even if all possible 
precautions are taken regarding the distribution of the steel in the ten- 
sile zone. 

Regarding deflection, one has to distinguish between instantaneous 
deflection caused by the application of the load and deflection under 
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Fig. A—Typical load-deflection diagrams (Fig. 6, Reference 11) 
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sustained loading. Instantaneous deflection caused by the dead load can 
be compensated by an initial camber. This also applies to a certain ex- 
tent to the deflection caused by shrinkage and creep under dead load 
but not to deflection caused by live load. 

In a paper read at the convention of the Deutscher Betonverein in 
Munich in May, 1959,!2 Professor Leonhardt showed on the basis of 
theoretical considerations that while the instantaneous deflection in- 
creased in the same proportion as the working stress in the reinforce- 
ment, the deflection under sustained loading was much less affected by 
the steel stress. This is illustrated in Fig. B which is reproduced from 
Professor Leonhardt’s paper with his permission. (The metric system 
has been converted into lb and in.) 

The writer has carried out comparative tests on 12 beams under sus- 
tained loading.!2 Six of these were reinforced with mild steel and kept 
loaded at a stress of 20,000 psi; six were reinforced with Tentor steel 
and kept loaded at a stress of 34,000 psi. While the average ratio of the 
instantaneous deflections of the two groups was 1.40, the average ratio of 
the total deflections after more than 2 years of sustained loading was 
only 1.15 which is a confirmation of Professor Leonhardt’s theory. 

Experience has proved that it is important to consider the deflection 
after a long period of loading even with mild steel at a working stress 
of 20,000 psi. The importance of the deflections increases with increasing 
working stress but if an adequate camber is provided to compensate 
for the influence of the dead weight the effect of an increased working 
stress as against that of mild steel is much lessserious than would ap- 
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pear from the comparison of the instantaneous deflections. Further re- 
search in this field is desirable. 
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By R. TAYLOR* 


The author has posed some interesting problems concerning the use 
of high-strength steels in reinforced concrete. One of these problems, 
that concerned with the bending of these steels, has recently been the 
subject of an exploratory series of tests carried out at the Building Re- 
search Station, England. 

The problem arises with the possible use of high-strength steels for 
shear reinforcement in the form of stirrups. In such cases it would often 
be necessary to bend the bars to a smaller diameter than is required 
by standard specifications. In fact, 
in designing to the British Code of 
Practice BS CP.114, it is permitted 
for the provision of anchorage, to 
bend the stirrup around a bar of 
the same diameter (see Reference 
14 for further discussion of this). 

To obtain some data on the effect 
of bending high-strength steels 
around small diameters, compara- 
tive tests were made on four types 
of reinforcing bar produced in Eng- 
land: (1) a plain round ordinary 
mild steel bar (MS); (2) a plain 
round high-tensile steel bar, its 
high strength being due to its com- 
position (HT); (8) a cold-worked 
round steel bar having the herring- 
bone pattern of deformations, the 
bar having been cold worked by 

—_— twisting and stretching in a sim- 
Fig. C—Testing arrangement ilar way to the Danish bar de- 


5 Ae eh 


*Senior Scientific Officer, Building Research Station, Department of Sci 
Research, Garston, Watford, Herts, England. e TPR Ee Dre Anau 
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scribed in Professor Wastlund’s paper (T); and (4) a cold-worked 
steel bar produced by twisting a square mild steel bar (ST). Two sizes 
of each type of bar were tested: the round bars were % in. and % in. 
diameter; the others were ™% in. and ¥% in. square. Specimens of the 
l4-in. bars were bent using a normal type bending machine around pins 
of % in. and % in. diameter; specimens of the %-in. bars were bent 
around pins of % in. and % in. diameter. Two specimens of each type 
were bent at each diameter. 

It was decided to bend the bars at a lower temperature than normal 
laboratory temperature since it was considered that this would show 
up any differences in the effect of bending much more markedly. Ac- 
cordingly the bars were stored overnight in a room at a temperature of 
25 F. These, suitably wrapped, were then transported in small numbers 
to the bending shop. The actual temperature of the bars at the moment 
of bending was not obtained but generally this would not be much 
higher than 25 F. 


Bont Bante 


Fig. D(a)—%-in. specimens after test. Left—Bars bent around a %-in. pin. Right 
—Bars bent around a ¥2-in. pin 


34-in. specimens after test. Left—Bars bent around a ¥2-in. pin. Right 
—Bars bent around a %-in.“pin 


Fig. D(b)— 
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TABLE A—RESULTS OF TESTS 


Load taken by specimen (percent of ultimate 
strength of straight bars) 
Type of steel | Ultimate strength, |}——————— 
si 1%4-in. bar bent around: 3g-in. bar bent around: 
Y%-in. bar| 3g-in bar| 3g-in. pin %4-in. pin 44-in. pin 3g-in. pin 
Mild (MS) 66,000 66,000 100 100 100 100 
High tensile (HS) 106,000 108,C00 98 96 96 98 
Cold worked (T) 82,000 80,000 89 100 89 95 


Cold worked (ST) | 81,000 | 73,000 | si 97 | 94 98 
aceite Onin ated (aahach thd Sanath, Sie FEE Tees S 


The bars were bent through 180 deg around the pin to form U-shaped 
test specimens. It must be noted here that (a) a perfectly symmetrical 
bend was not obtained in all cases, and (b) in none of the specimens was 
there any obvious sign of cracking of the steel at the bend. The strength 
of a specimen was determined by applying a load to the arms, the 
specimen being supported at the bend through a bar of the same diame- 
ter as that of the bend. The general arrangement for testing can be 
seen in Fig. C. 


The specimens after the test are shown in Fig. D(a) and D(b). It will 
be seen that, without exception, the ordinary mild steel specimens frac- 
tured in one of the arms of the specimen, while the cold-worked steel 
specimens fractured at the bends. The specimens of high-tensile steel 
generally fractured at the bends, but in two of them the fracture oc- 
curred within the arms. 


The average values of the loads at fracture for the pairs of specimens 
are given in Table A. These are expressed as the percentage of the com- 
bined strength of the two arms of the specimen as determined from test 
pieces cut from the same reinforcing bar. It will be seen that, with those 
specimens which fractured at the bends, there was generally some re- 
duction in the carrying capacity, due to the bend, but that this reduction 
was never considerable. 


Thus the tests appear to indicate that these high-strength steels do 
not suffer so great a loss of strength at bends that they should be ex- 
cluded from use as stirrup reinforcement. However, no definite con- 
clusions regarding this should be drawn from these tests which were 
only of an exploratory nature. It is also possible that variations in the 
ductility between batches of these steels might give considerably differ- 
ent results from those reported here. 
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By A. ZASLAVSKY * 


The paper deals authoritatively with a subject of great practical and 
economical importance, its limitations and future development. 


High-strength steels 

It may be of some interest to mention a few more European types of 
high-strength reinforcement. | 

A special type of cold-notched reinforcement steel was developed by 
Avakov in Russia!® and the writer has also carried out tests with steel 
produced by a similar method.'* The plain mild steel bar undergoes 
cold notching in two perpendicular directions in a single rolling process 
(Fig. E). Bars of small diameters can be fed directly from reels and 
coiled again. Cold notching produces deformed bars with a raised yield 
(proof) stress of 52,000 psi and more (depending on the quality of the 
virgin material) with excellent bond properties. At the same time, a 
gain of about 10 percent in length is obtained. Strain hardening takes 
place also in the small intervals between notches but sufficient ductility 
is retained. Another advantage is that (similar to cold-twisted bars, but 
unlike cold-stretched bars) the yield point is equally raised in tension 
as in compression, so that the steel may also be used as compression 
reinforcement. 

A special high-tensile steel developed in Austria is the twin bi-steel 
(Fig. F). The steel consists of two plain round parallel high-strength 
bars of small diameter (14 to % in.) — . 
joined together by welded mild 
steel steps at 3 to 4-in. intervals. 
Bond is assumed to be provided by 
- these steps, which also control 
cracks. No hooks are required and 
additional anchorage is provided by 
extra length of steel. The permis- 
sible tensile stress may (under cer- 
tain conditions) be as high as 64,000 
psi and the reinforcement ratio as 
low as 0.1 percent. : 

Another steel with a high per- Fig F—Austrian twin bi 
missible tensile stress (up to 57,000 
psi) is the German Neptun steel” 
having a flat rectangular section 
(Fig. G). The steel is hot rolled, a es 
ribbed, twisted, and heat treated. Fig. G—German Neptun steel 


. Fig. E—Cold-notched reinforcement 


-steel 


*Member American Concrete Institute, Senior Lecturer, Technion — Israel Institute of 
Technology, Haifa, Israel. 
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TABLE B—COEFFICIENTS FOR CALCULATION OF CRACKS AND apie? 
TIONS BY THE RUSSIAN CODE eri apply to rectangular beams with tensile 
reinforcement only) 


wy values for f., psi 


(Values in parentheses are kg per sk cm) 
“17,800 | 21,400 | 28,500 35,600 42,700 
a= 3un | (1250) (1500) (2060) (2500) (3000) K j ae 

ee ae eee 0.39 22.8 
0:06 = = —_ 0.40 0.57 19.2 
0.08 E EE a om | On 13.0 

j = = 0.40 y : 

nate = 0.40 0.58 0.76 0.86 11.8 0.86 0.63 
0.125 = 0.47 0.73 0.85 0.91 9.6 0.85 060 
0.15 0.44 0.63 0.82 C.90 0.94 8.0 0.84 0.57 
0.20 0.65 0.78 0.90 0.94 0.97 6.0 0.82 0.52 
0.30 0.82 0.89 0.94 0.97 0.98 43 0.79 0.46 
0.40 0.88 0.92 0.96 0.98 0.99 3.4 0.77 0.42 
0.50 0.90 0.93 0.96 0.98 0.99 2.8 0.75 0.38 
0.80 0.93 0.95 097 | 098 0.99 2.2 0.71 | 0.30 


Referring to the author’s Fig. 3 for Tor steel, it seems rather coinci- 
dental that the nominal rupture stress should be equal to the yield 
(proof) stress. 

A recent development is the ribbed Tor steel which does not require 
hooks. 


Influence of concrete quality 2 

While the influence on crack formation is clearly established for 
some of the factors, the influence of the quality of the concrete is only 
briefly mentioned in the paper and it is hoped the author may deal with 
this question in his closure. 

However, on the basis of the author’s paper and other sources!* it 
appears that concrete quality has little influence upon the size of cracks, 
provided, of course, shrinkage is not present. 

As regards the concrete, the writer feels that its plasticity (i.e., ex- 
tensibility) rather than its strength f/, (see author’s formula on p. 1245) 
is the decisive property. Preliminary tests performed by the writer seem 
to justify this contention. This does not contradict the statement about 
the strength of the concrete because its extensibility is little affected 
by its strength (as confirmed by Hognestad, Evans, Ros). Assuming — 
a (hypothetical) concrete of 0.1 percent strain extensibility and ideal 
bond, the first cracks would appear only after a stress of about 30,000 
psi has developed in the reinforcement — irrespective of the strength 
of the concrete. It may, therefore, be rewarding to produce a highly 
plastic concrete even at the expense of strength, the ultimate bending 
capacity of the beam being practically independent of the strength of 
the concrete. There arise, of course, additional questions of deflections 
and cracks caused by diagonal tension, but it may be expected that 
these would form in a similar manner. 
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Crack and deflection formulas 


It may be noted that the 1955 Russian code also includes formulas 
(developed by Murashev) for the calculation of cracks and deflections." 

For rectangular beams the (mean) crack width is calculated from 
(author’s notation used): 


o=wypa We, 2A eo ds_-Gk rin Dato mcs (1) 


Here the coefficient y=1 represents the tensile participation of the 
concrete in the spaces between the cracks. 
The crack spacing a is calculated from: 


A, 
a= 0.5 Kn SSeicie ee ae eee (2) 


The 0.5 coefficient applies to deformed bars; for plain round bars the 


coefficient is 1.0. 
n = E,/E. = ratio of the elastic moduli 
Zo =sum of the bar perimeters 
In the case of round bars A;/20 = } D (D = bar diameter) 


The coefficient K as well as w depend upon the value a= 3yn (u= 
A,/bd = reinforcement ratio) and the yp coefficient depends in addition 
on the steel stress fs. 

Table B (abridged) shows the wy and K values for rectangular beams 
with tensile reinforcement only. Places marked (—) indicate that cracks 
do not form. It can be seen that the product Kn in Kq. (2) is not 
influenced much by the £, of the concrete. 

Deflections are calculated with the aid of the (minimum) flexural 
rigidity B given by 


The coefficient C is included in the table. The rigidity B replaces the 
usual value EI of homogeneous sections. The effect of creep is ac- 
counted for by multiplying dead load with a factore.® ==.1.5 —.2.5. 

As a numerical example consider a simply supported rectangular 
beam of 1=15 ft span under a uniformly distributed load w= 750 lb 
per ft. The dimensions of the beam section are: b=4 in; d=14 in; 
and the reinforcement: two deformed round bars of %%-in. diameter 
(A, = 2 X 0.31 = 0.62 sq in.; p= A,/bd = 0.62/.(4 * 14) ~ 0.0115 = 1,15 
percent). 

The elastic moduli are: E, = 30,000,000 psi and E, = 3,000,000 psi, ie., 
n= E,/E,=10. The « =3un=3 X 0.0115 & 10 ~ 0.35. 


The maximum bending moment is: 
M —3wl? =3 x 750 x 14 ~ 18,400 in.-lb 


The steel stress can now be calculated from the usual formula: 


M 18,400 ee ; 
f= ad, Sore x ie oe 
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jd being the (reduced) arm of the resisting couple; j = 0.78 was found 
in the table for «— 0.35. The other required coefficients, taken from 
the table, are: y = 0.942; K = 3.85; and C= 0.44. From Eq. (2) we now 
calculate the crack spacing: 

a = 0.5 Kn (A,/20) = 0.5 x 3.85 x 10 (4 x 8) = 3.0 in. 
and from Eq (1) the crack width: 

o = paf,/E, = 0.942 x 3.0 x 27,200/30,000,000 ~ 0.0026 in. 
Calculating omar by the formula given by the author on p. 1247, we ob- 
tain approximately: 

Pe eh 4,2 ‘ 
one =D (Gag, Be) = 018 x i (Gaxcnaa es x 30,000,000 = 0.0003 Be 
Since wmaz May be larger than » by 50-100 percent the agreement be- 
tween the formulas is satisfactory. 

The flexural rigidity of the beam equals, by Eq. (3): 
B=CE,A, d’?/y = 0.44 x 30,000,000 x 0.62 x 14°/0.942 = 170 x 10° lb-in.* 
Thus the maximum deflection: 


5 wit 5 (750/12) x (15 x 12)* 
82 yg a = ee 


Assuming the dead load to be 400 lb per ft, the live load 350 lb per ft, 
and @=2, the deflection will increase to: ‘ 
8’ = (2 x 400 + 350) /750 = 0.5 x 1.54 = 0.77 in. 
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AUTHOR’S CLOSURE 


Mr. Taylor shows that high-strength steel with a high yield point can 
have good bending properties. A high strength can be attained together 
with a good bending property by suitable metallurgical process, but 
for this bending property to be reliable, it will require additional ex- 
penses. 


Dr. Hajnal-Konyi says that under certain assumptions it can be shown 
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that if the value of the so called “tension reinforcement index” does 
not exceed a certain limit, there is practically no ceiling to the steel 
stress. This underlines what the author says on p. 1242, with the same 
reservations, that if the yield of the reinforcement is the deciding factor 
for failure it is possible to increase the permissible stresses approxi- 
mately in proportion to the yield point, i.e., under the reservations made 
without ceiling. 

Dr. Hajnal-Konyi also adds new facts and presents interesting as- 
pects, particularly with reference to deflection. 

Mr. Zaslavsky wants the influence of the quality of the concrete on 
the crack formation discussed in more detail. The author had the in- 
tention with his article only to mention the most important problems 
arising in the use of high-strength reinforcing bars. As mentioned in 
the article, several of these problems are serious in that there is still 
a lack of experimental research, e.g., regarding the splitting of the con- 
crete along deformed bars or the splitting at bends. The influence of 
concrete quality on crack formation must however be considered a prob- 
lem of secondary order. This is due to two reasons. 

(1) The formula for the crack spacing a, on Pp. 1245 includes the ratio 
between the concrete tensile strength and the bond strength between 
the concrete and the steel in question. It is known that the bond strength 
increases with the concrete tensile strength, even if not proportionally. 
In most theories or empirical formulas the ratio is assumed to be a 
constant, indicating that the concrete quality has only a small influence 
on the crack spacing. 

(2) The crack width is dependent mainly on the crack spacing and 
the steel stress. The surrounding concrete will as a secondary effect 
restrain the opening of cracks in some proportion to its quality. The 
- effect of shrinkage will on the other hand increase the opening of cracks, 
often in some proportion to the concrete strength, because a high 
strength concrete, if attained through higher cement content, will have 
a higher shrinkage value. These two effects thus are counteracting 
each other, which means that concrete quality will have a small in 
fluence also on the crack width. 

Mr. Zaslavsky means that the extensibility of the concrete rather 
than its strength is a decisive property as regards crack formation. Ac- 
cording to what is said the extensibility must have a small influence. 

The review of the Russian code regarding calculation of cracks and 
deflection is interesting. 
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Discussion of a paper by R. Shalon and M. Raphael: 


Influence of Sea Water on Corrosion of Reinforcement* 
By EDWARD A. ABDUN-NUR, J. BROCARD, and AUTHORS 
By EDWARD A. ABDUN-NURt 


The authors have made a worthwhile contribution that will be of 
great help in solving or in combatting the detrimental effects of sea 
water on the embedded reinforcement in the concrete. The use of sea 
water in concrete mixes is a problem which many construction jobs 
are having to cope with, due to the lack of fresh water in some of the 
far flung areas in the world, where construction is becoming an im- 
portant factor in the economic developments being carried out. 

In connection with this general subject, it might be pertinent to pre- 
sent some experiences and observations with which the writer is famil- 
iar. A great deal of the gravel and sand used in making concrete for 
buildings along the eastern coastal strip of the Mediterranean comes 
from the sea, and is therefore, on drying, coated with a thin layer of 
the salts found in the sea water in the case of gravel, and has a small 
amount of sea water left in the moist sand. It is generally used without 
-any further washing. Fresh water is, however, used in the mixing in 
most instances. The writer has observed concrete made in this manner 
that has been in service for many years, and he has used it in important 
structures. An examination of these structures after they had been 
in service over 20 years disclosed no outer evidence of distress of any 
kind in the concrete itself, or of cracking due to the swelling of cor- 
roded reinforcement. 

The writer would assume that the lack of distress observed under 
such circumstances is probably due to the eventual low concentration 
of the salts in the total mix. Yet, Table 5 indicates that the low salt 
concentrations may at times be more detrimental than higher concen- 
trations. It would be of interest to know whether the authors know of 
similar cases and the explanation they may have for the satisfactory 
behavior of concrete under such circumstances. 


*ACI Journat, V. 30, No. 12, June 1959 (Proceedings V. 55), p- 1251. Disc. 55-76 is a part of 
copyrighted JOURNAL OF THE AMERICAN CONCRETE INSTITUTE, V. 31, No. 6, Part 2, Dec. 1959 
~ (Proceedings V. 55). o. 
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By J. BROCARD* 


The study made by Mesdames Shalon and Raphael was interesting to 
me as we did not make a systematic study on the subject they treated. 
I would like to point out, however, that the French NF-P18-302 Norm 
limits the content of dissolved salts to 15 g per 1 in water to be used 
for mixing concrete for reinforced concrete structures. 

It is really the lack of laboratory studies that led to the arbitrary 
choice of this figure corresponding to a concentration between pure 
water and the average saltiness of the seas that border France. 

In this sense, the initiative of the authors is interesting because it is 
research of this kind that will enable the drawing up of more exact 
“Normes et de Cahiers des Charges” (Norms and Conditions). 

I noted particularly the notion of pH inhibition and variations due 
to the concentration of dissolved salts in water. In this regard I believe 
that the results of Fig. 1 correspond to concentrations much greater 
than normal. 

The study shows in a significant manner the influence of aeration on 
corrosion of reinforcement and, thereby, the importance of the con- 
crete’s denseness and the thickness of the covering over reinforcement 
— which are primary factors.7 


AUTHORS’ CLOSURE 


The authors are gratified by the interest shown by Messrs. Abdun-Nur 
and Brocard and wish to thank them for their valuable comments. 

In reply to Mr. Abdun-Nur’s remarks it may be said that in this 
country no sea gravel is being used for concrete. Sea sand has, as a 
rule, been taken from the shore at a distance from the sea where the 
salts had been washed away by the rain. Lately, however, sand taken 
directly from the sea has come into use. The authors have also been 
perturbed by the possibility of the salt left in the sand promoting cor- 
rosion and have therefore carried out tests on a number of fine coarse 
sea sand specimens to determine the amount of salts retained. 

In all specimens, the chlorine content proved to be low, varying be- 
tween the limits of 0.004 to 0.06 percent Cl or 0.07 to 0.10 percent calcu- 
lated as NaCl. This would correspond to some 0.03-0.4 percent sodium- 
chloride in the mixing water. Such quantities of salt hardly reduce the 
pH value and have practically no influence upon the corrosion of re- 
inforcement. 

In concrete made with both sea sand and sea gravel the total amount 
of salt is greater, though the gravel contains, pound for pound, less salt 


*Laboratoires du Batiment et des Travaux Publics, Paris, France. 
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than the sand, because of its relatively small surface. However, in dense 
concrete, in which carbonation may be assumed to reach only a few 
millimeters, the pH value of the layer enveloping the reinforcement, 
though somewhat reduced by the salt (see Fig. 1), should remain high 
enough for inhibition of corrosion. This was probably the case in the 
structures mentioned by Mr. Abdun-Nur. 

It should, however, also be pointed out that the fact that “no outer 
evidence of distress was disclosed” does not necessarily imply that no 
corrosion of reinforcement has taken place. No such evidence would 
become visible if the rust was of the “general” type, similar to that 
which developed in the 1:8 mortar specimens investigated by the authors 
(Fig. 3). 

The authors are in full agreement with Mr. Brocard as regards the 
importance of the density of concrete. As to the depth of covering, how- 
ever, its significance seems to be limited to cases where the density is 
insufficient. Tests show clearly that when the concrete or mortar around 
the reinforcing steel is sufficiently dense, even a thin cover is enough 
to protect the reinforcement.® It is, nevertheless, admitted that under 
ordinary conditions of work when good compaction of the concrete 
cannot be ensured, it is good practice to specify a sufficient depth of 
covering to reduce the danger of damage to the reinforcement. 

Similarly, in the light of results obtained in the investigation con- 
ducted by the authors, it appears that the limitation of salt content in 
the mixing water to 1.5 percent, provided by the French standards NF- 
P18-302, is not sufficient. In air exposed concretes of imperfect density, 
the penetrating air would both reduce the pH and increase the supply 
of oxygen, producing conditions under which 1.5 percent of salt may 
well be within the most undesirable range of salt concentration (see 
Table 5). 

The remark of Mr. Brocard concerning the results shown in Fig. 1 
is not clear, as the effect of the normal range of salts concentration upon 
pH values is included in the curves presented. 
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Discussion of a paper by Bruno Thurlimann: 


Fatigue and Static Strength of Stud Shear Connectors* 
By I. M. VIEST and AUTHOR 
By I. M. VIESTt 


A review of the literature pertaining to composite concrete and steel 
beams shows that a large number of different types of shear connectors 
has been proposed and used over the past 40 years. However, until pub- 
lication of the 1957 Standard Specifications for Highway Bridges of the 
American Association of State Highway Officials no generally accepted 
design procedure was available in this country for the design of shear 
connectors. The 1957 AASHO specifications corrected this situation 
through incorporation of design formulas for three most commonly used 
connectors: channels, spirals, and studs. The formulas were derived 
from experimental data evaluating the three types of connectors on a 
comparable basis.° 

Professor Thiirlimann chose to disregard this comparable approach 
and, on the basis of rather limited experimental evidence, proposed new 
formulas for the design of the L-shaped %4-in. stud connectors. The pur- 
pose of this discussion is to compare the static test data presented by 
Professor Thiirlimann with the results of other tests and to raise a ques- 
tion concerning the interpretation of the results of the fatigue tests. 


Static tests 
' Prior to the tests reported by the author, static tests of stud shear 
connectors were made with 22 push-out specimens”? and with 26 plate- 
reinforced concrete beams.!! The push-out specimens were similar to 
those employed by the author, the major difference being the preven- 
tion of the formation of bond between the slabs and the steel beams, 
casting of slabs in horizontal position, location of all connectors at one 
cross section of the steel beam, and virtual absence of slab reinforce- 
ment. Furthermore, all of the earlier tested studs were straight with an 
enlarged head, and their welding ends were fluxed with granular flux. 
The plate-reinforced concrete beams were made of a hot rolled steel 
plate ¥% in. thick, connected by stud connectors to 6 or 9 in. of concrete 
cast on top of the plate. Except in the negative moment regions of re- 

*ACI Journat, V. 30, No. 12, June 1959 (Proceedings V. 55), p. 1287. Disc. 55-78 is a part of 
copyrighted JOURNAL OF THE "AMERICAN CONCRETE InstITUTE, V. 31, No. 6, Part 2, Dec. 1959 
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f= 4390 psi 


f= 3840 psi 


Thirlimann: Spec. 2 
u" 
3 
Reference |: Spec. 4A2 
" 4B2 


Average load per stud, kips 


0 0.02 0.04 0.06 
Average slip, inches 


Fig. A—Load-slip curves for ¥2-in. diameter studs 


strained beams, the concrete was unreinforced. No provision was made 
to prevent the formation of the natural bond between the concrete and 
the steel plate. 


Two of the push-out specimens made with ¥,-in. diameter studs and 
four made with 3%-in. diameter studs may be compared directly with 
author’s specimens tested with static loads. The dimensions of the studs 
and the properties of the materials are listed in Table A for all com- 
parable specimens. Furthermore, the data on the yield strengths given 
in Reference 1 and the typical stress-strain relationship in Reference 2 
indicate that the stud steel used in the two investigations had similar 
mechanical characteristics. 


The load-slip characteristics of the specimens with \%-in. diameter 
studs are compared in Fig. A and the residual slip data are presented 
in Fig. B. The only difference between the author’s and the earlier 
tests can be noted in the central portion of the load-slip curve of Speci- 
men 3. The reason for this difference is unknown; however, the shape 
of the full load-slip curve for Specimen 3 presented in Fig. 12 suggests 
the possibility of accidental overloading prior to the conduct of the test.* 

*In the writer’s i age the comparison with the load-slip curve for the bridge test (Fig. 12) 


is not valid since the slips in the bridge test were re 
the adjacent beam (see Fig. 8 in Petaratok 5 I tarde Oy the. bee vier Conse aes 


y, 
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TABLE A—PROPERTIES OF PUSH-OUT SPECIMENS 


Stud dimensions 
: - Strength of Concrete 
Specimen Diameter Length stud steel strength 
No. d, in. Hi; in; fs; psi fe’, psi 
2 0.50 3.50 70,250* 5080 
3 0.50 3.50 70,250* 5080 
4A2 0.50 4.00 70,700 3840 
4B2 0.50 4.00 70,800 4390 
1 0.75 4.00 70,850* 5080 
6A2 0.75 3.90 69,900 3870 
6B2 0.75 3.90 70,400 4240 
6A4 0.75 4.00 67,700 3360 
6B4 0.75 4.08 69,300 3260 


* Average values from Reference 1. 


Parallel comparisons for specimens with 3/,-in. diameter studs are 
presented in Fig. C and D. It will be noted that, although the shapes 
of the curves for all specimens are similar, the data for Specimen 1 fall 
consistently below those for the other specimens in spite of the approxi- 
mately 20 percent higher concrete strength. This difference is particu- 
larly marked for residual strain curves. Although again no explanation 
of the differences is available in the test data, a number of causes can 
be suggested, such as collection of water under the studs due to vertical 
casting position, imperfect compaction of concrete around the studs, or 
imperfect welds, all of which may be considered an experimental error. 

In the earlier tests of push-out specimens, the useful capacity of stud 
connectors was evaluated on the basis of the residual slip curves. For 
specimens with marked change in the rate of residual slip increase, the 
useful capacity was taken as the load corresponding to this change; for 


specimens with gradual change in the rate of residual slip increase, the 


useful capacity was taken as the load corresponding to the residual slip 
of 0.003 in. In the tests of plate-reinforced beams, the useful capacity 
of stud connectors was selected as that at which there was an abrupt 


0.003 in. 


Average load per stud, kips 


Thirlimann: Spec: 2 e 
" 3 v4 
= Reference i; Spec. 4B2 0 


Fig. B—Residual slip curves 05 ae cree me 


for Yo-in. diameter studs Residual slip, inches 
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f, = 3260 
f, = 3360 
f, = 3870 


Thurlimann: Spec. 1 

Reference |: Spec. 6A2 
6B2 
6A4 
6B4 


Average load per stud, kips 


0.04 
Average slip, inches 


Fig. C—Load-slip curves for 34-in. diameter studs 


fo= 4240 ° 
c te aeeaee a 
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—_ 
a Xf 23260 


Average load per stud, kips 


Thiirlimann: Spec. | 
Reference |: Spec. 6B2 
" 6B4 


fe) 0.01 0,02 0.03 
Residual slip, inches 


Fig. D—Residual slip curves for 34-in. diameter studs 
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Fig. E—Critical capacity of 
stud shear connectors 


References 1&2 @ 
Reference 3 4 
Thurlimann ° 


change in the rate of slip. The loads considered as the useful capacity 
of the stud connectors and designated as critical loads are given in Refer- 
ences 2, 10, and 11 for 15 push-out tests and 11 plate-reinforced beam 
tests. The data cover stud diameters ranging from 0.5 to 1.25 in. 

The critical load for author’s Specimens 1, 2, and 3 determined in the 
same manner as for the earlier push-out tests are indicated in Fig. B 
and D by cross marks. It will be noted that all three determinations are 
based on the change in the rate of residual stress increase; had the loads 
been determined on the basis of 0.003 in. residual slip, the values for all 
three specimens would have been somewhat lower. The critical loads 
are as follows: ; 

Specimen 1: Q-, = 9.8 kips 
Specimen 2: Qcr = 7.0 kips 
Specimen 3: Q., = 6.9 kips 

All 39 critical loads are presented in the dimensionless plot in Fig. E. 

It will be noted that the test data form a well defined band. The only 


30 


Diameter @ 


25 


20 


Max. average shearing stress, ksi 


Fig. F — Fatigue tests of Saree ree 7 oi nea 
push-out specimens Cycles to foilure 
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exception to the general trend is the author’s Specimen 3 (circle at 
H/d =5.33) with 3-in. diameter studs. The data for L-shaped '%-in. 
diameter connectors fall within the band. 


Fatigue tests 

The author presented direct comparisons between the fatigue strength 
of Specimens 4 and 7 ('%-in. diameter stud connectors) with that of 
Specimens 9 and 10 (%-in. diameter stud connectors) on the basis of the 
average shearing stress per stud. Noting that on this basis Specimen 4 
was stronger than Specimen 9 and Specimen 7 was stronger than Speci- 
men 10, the author reasoned that the higher fatigue strength of the 
'4-in. diameter stud connectors was caused by the smaller diameter and 
the differences in shape (L versus straight). To check on this tacit as- 
sumption of the differences in the fatigue strength, the writer prepared 
the plot shown in Fig. F including data for all author’s specimens ex- 
cept for Specimen 8 tested with incremental loading. Judging on the 
basis of Fig. F, it appears to this writer that the differences quoted 
by the author may have been just as easily the result of the natural 
scatter in the test data as the result of the differences in the character- 
istics of the two types of connectors. 


AASHO specifications 

The AASHO specifications include two formulas for the design of 
stud connectors. These formulas represent a straight-line approximation 
of the curve shown in Fig. E. To obtain the working load for a stud 
connector, the formulas are divided by a factor of safety (FS), the value 
of which varies ordinarily between 3.0 and 4.0. Thus the maximum 
working load may be computed approximately with FS = 3.0; the cor- 
responding average shearing stress for the specimens tested is shown 
in Fig. F. It can be seen that in the particular cases considered, the 
AASHO design procedure would have provided an ample safety against 
fatigue failure of both types of connectors. 


Concluding remarks 


The comparisons in Figs. A, B, and E show no substantial differences. 
between the characteristics of the L-shaped connectors tested by Pro- 
fessor Thirlimann and the earlier tests of straight connectors. Thus 
there appears to be no reason for the use of different design procedures 
for the two types of connectors. The procedure given in the current 
AASHO specifications applies equally well to both types. 

However, it is possible that Professor Thiirlimann proposed the new 
procedure for the design of L-shaped stud connectors because of dis- 
agreement with the basic design philosophy on which the current pro- 
cedures are based rather than because of some differences in the be- 
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havior of the two types of connectors. If this is the case, the writer 
would appreciate an elucidation of the basic principles involved in the 
formulas proposed by the author. 
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AUTHOR’S CLOSURE 


Dr. Viest has compared the results of the static push-out tests with 
results of similar tests made by him. The author would like to add three 
additional tests conducted independently by Mr. I. A. Benjamin of the 
Granco Steel Products Co., St. Louis. Table B, supplementing Table A, 
lists the properties of the specimens. Each contained only two straight 
studs of 3/4 in. diameter, 4 in. high with upset head, one on each side of 
the beam. They were welded manually to the beam, but care was taken 
to obtain a weld substantially equal to one produced by the stud weld- 
ing process. Specimen 1B failed by shearing of one stud, the other two 
specimens by diagonal tensile cracks in the concrete and yielding of 
the studs. The results are shown in Fig. G and H, complementing Fig. 
C and D. It appears that neither Mr. Benjamin nor the author were able 
to reproduce the results obtained by Dr. Viest. In consideration of these 
additional results, Dr. Viest’s suggested explanations concerning the 
results obtained on Specimen 1 with the 3/4 in. diameter straight studs 
are not substantiated. The author would like to point out once more 
that the speed of testing has considerable influence on the slip. In his 
static tests, readings were taken only after a waiting period to let load 
and slip stabilize. 

Fig. I adds to Fig. E the results from Mr. Benjamin’s tests. Again the 
author’s test on Specimen 1 averages the other tests on 3/4 in. studs. 
In connection with this figure it should be mentioned that Dr. Viest 
has arbitrarily selected H as the length of the % in. diameter L-studs. 


TABLE B—PROPERTIES OF PUSH-OUT SPECIMENS 


pus SE aaa Strength of Concrete 

Specimen Diameter Length stud steel strength 
No. d, in. H, in. f.’, psi fe’, pS1 
8A 0.75 4.00 100,000 _ | 4200 
1B 0.75 4.00 100,000 3650 
2B 0.75 | 4.00 100,000 —*s|k 3650 
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Thurlimann: Spec.| 
Reference |:Spec.6A2 


Average load per stud, kips 
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Fig. G—Load-slip curves for 34 in. diameter studs 


Ordinarily he uses H as the height of studs. If the actual height of the 
L-studs, equal to 2.25 in. is used, the open circles at H/d = 7 in Fig. I 
and E, respectively, would plot at H/d = 4.5. 

In summary, there exists no major discrepancy as far as the ¥% in. 
diameter studs are concerned. Nevertheless, it should be pointed out 
that the % in. L-studs of 2.25 in. height showed a better performance 
than the \ in. straight studs, 4 in. high, with upset head, tested by Dr. 
Viest. A disturbing discrepancy exists for the % in. straight studs with 
upset heads. 

With regard to the fatigue tests, Dr. Viest disposes of the differences 
between the performance of the % in. L-studs and % in. straight studs 
by explaining the discrepancy as natural scatter. The author agrees 
that the results show considerable scatter which is, however, by no means 
unusual in fatigue testing of structural components. Nevertheless, the 
fact stands that for the two stress levels at which both types were test- 
ed the % in. L-studs showed a longer fatigue life as may be seen from 
Fig. F. In addition, this figure shows clearly that the AASHO speci- 
fications which are based on Dr. Viest’s studies lead to extremely con- 
servative values as far as fatigue is concerned. Furthermore, Dr. Viest 
has arbitrarily taken a factor of safety (FS) = 3. The AASHO specifi- 
cations recommend the value 4 in lieu of computing the factor by a 
given formula. For most designs the AASHO-line would, therefore, be 
rather at an average stress of 7.5 ksi, leading to an even greater un- 
necessary safety against fatigue. 
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Fig. H—Residual slip curves for 34 in. diameter studs 


Finally the author would like to answer the discusser’s question con- 
cerning a possible disagreement with regard to the discusser’s basic de- 
sign philosophy of composite beams. It may be well to recapitulate the 
four assumptions made by Dr. Viest: 

1. He proposes “to select a factor of safety for the design of shear con- 
nectors capable of guaranteeing composite action up to the full flexural 
capacity” (Reference 9, p. 10). 

2. “The useful load capacity Q.. must be equal to the load acting on a 
shear connector at ultimate load.” (Reference 9, p. 10). 

3. “The useful load capacity is the load at which either the steel of the 
connectors begins to yield or the inelastic deformations of the concrete 
begin to increase rapidly.” (Reference 9, p. 8). 

4. The force acting on a shear connector at ultimate load is given by 
the elastic formula (Reference 9, Eq. (6b): 

ape Yan Slee 2 (1) 


V. = transverse shear at ultimate ioad 

m = statical moment of the transformed concrete section 
I = moment of inertia of the composite section 
p = spacing of connectors 


The author is in full agreement with Point 1. However, the other three 
points are by no means as settled as Dr. Viest may think. Firstly, Eq. (1) 
is an elastically derived formula which he applies without hesitation to 
an ultimate load condition. It will be shown that such a mixture does 
not even lead to equilibrium. Fig. J shows a simply supported composite 
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Fig. I—Critical capacity of 
stud shear connectors 
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| 
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beam of constant cross section under arbitrary loading. The ultimate 
moment M, has just been reached at Section S-S, a distance a from the 
left end. Under this situation the bending stress distribution at S-S is 
illustrated in Fig. J with a fully yielded steel beam in tension and a 
rectangular compressive block in the concrete. The resulting compres- 
sive force in the concrete is : 


where d is the distance between the compression and tension resultants. 
Considering now the slab to the left of S-S as a free body, it must be in 
equilibrium under this compressive force C and the shear transmitted 


SAD aoa 4 Fig. J — Horizontal shear at ultimate 


Se load 
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by the connectors. Using the elastic formula on which Eq. (1) is based 
it follows 


s,—Vsm. 
I 


with S. =shear flow per unit length at ultimate 
load, using elastic formula 
The resulting force opposing C is 


a 


(ae 
/ Seed Vedar = Me Migeert yl tT « (4) 


0 0 


To have equilibrium, the above resultant should obviously equal the 
compressive force C. However, this is not the case such that 


a 


The ratio 


is a direct measure of the unbalance of forces. It is always considerably 
below unity. Table C lists a few specific values showing that the appli- 
cation of the elastic Eq. (1) used by Dr. Viest to calculate the shear con- 
nector forces at ultimate load underestimates the total horizontal shear 
by as much as 33 percent. Furthermore, the ratio md/I is not constant 
such that the situation can not be saved by the application of a correc- 
tion factor. The least that must be required from a design procedure 
is that it leads to equilibrium. Obviously Dr. Viest’s procedure does 
not fulfill this fundamental requirement. 


Concerning Assumptions 2 and 3 it should be realized that Dr. Viest 
proposes to maintain the shear connection in essentially an elastic state 
ata point where bending has fully plastified part of the steel beam and 
the concrete of the slab is at the instant of crushing. To the author’s 
knowledge, Dr. Viest has never presented any experimental nor theoreti- 
cal evidence for these assumptions. The single beam test, B21W, of Ref- 
erence 12 with a weak shear connection can certainly not be taken as 


sufficient substantiation. It is the author’s opinion that the arbitrary 
| 


TABLE C—EXAMPLES OF md/I RATIOS 


Lehigh? 
Specimen | B24W* B24S* B21S* B21W* Bridget tests 
ma/I O72 ~ 0.71 0.73 0.73 0.72 0.67 


*From Reference 12. 
{From Reference 1. ; 
$ Recent tests at Fritz Engineering Laboratory, Lehigh University. 
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selection of the useful load capacity of shear connectors together with 
the assumption that it should not be exceeded at ultimate load leads to 
a substantial overdesign of the shear connection. The performance of 
the beam is not improved at all as an overdesigned shear connection 
will not result in a higher bending strength. 

Recently the Joint ACI-ASCE Committee on Composite Construction 
of which Dr. Viest is chairman, reviewed the situation concerning the 
design of shear connectors. The following passage is quoted from the 
paper “Development of Tentative Design Recommendations for Design 
of Composite Beams and Girders in Buildings,” presented by Mr. P. Page 
at the ASCE Convention, 1959, in Washington, D. C.: 

The committee chose the useful capacities given in the AASHO specifica- 
tions as the basis for determining the recommended allowable load form- 
ulas for various connectors. However, in using the values of useful loads 
the committee realizes their conservative nature particularly in relation 
to design for static loading, and is therefore considering the use of a 10 to 
20 percent lower factor of safety than 2.4. More research is needed and the 
committee intends reviewing this factor of safety with an eye towards 
further downward revision if indicated by tests. 

The author feels satisfied that a revision of the entire design of shear 
connectors is considered. Such a study together with appropriate tests 
is presently in progress. 
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-Test for relative bond value (55-1) 
JULY) W958 2. see se nis oc oo eee ei a ae 
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-Blast resistance influenced by grade 
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-Lightweight structural concrete—De- 
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Calcium Chloride 
~Effect on air void system in concrete 
(bbe) Bent FOCS | wiwa ssc ueen sce treet 
-Ice removal agent—Effect on slag ce- 
ment concrete (55-CB) Aug. 1958 ..... 
—-Use as accelerator (55-50) Jan. 1959... 
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-Alkali content related to expansion 
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~Influence of composition on creep of 
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Cold weather concreting—Recommended 
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Compressive strength 
Affected by properties of coarse ag- 


gregate (55-72) May 1959 ............- 
-Influence of cement composition on 
(55-62) Marc 1959 ..... Fence ese e sees 


-Predicting 28-day from 7-day test re- 
sults (55-CB) Feb. 1959 
Concrete space structures—Relation be- 
tween form and structural design (55- 
48) 
=A Meads) dian. 1959). 5 seas siecle oo sls es 
Disc. J. J. Polivka and Author Part 
SF USepty 1959) Ge scey esos eee wes eure 
Concrete’s etymological offspring (55-CB) 
Twkohie Melts hie cll doa Soman toe mcs Gane nanan 
Conner, H. W—Disc. Cylindrical shell 
analysis simplified by beam analysis 
(55-71) Part 2 Dec. 1959 
Consistency—Effect on form pressure 
(55-10) Aug. 1958 .......... eee eee eens 
Construction for ACI (55-27) John Strang 
~ Oct. 1958 
Continuous beams 
-Redistribution of shear and moments 
(55-37) Nov. 1958 ...--+.++eeeenss POT 


sin Pelle wis oitelisteira isle, 6, 0s ipiis. +) 40.2, 6 'er 6m 


419 
469 


985 
273 


347 
1075 


273 
679 


359 
1287 
461 
321 


1193 
963 
903 


749 
1477 
656 


1583 
173 
431 


573 


~Two-span—Shear strength studies (55- 
GG) Ae ODO) Wire ieleins ascrelsletinrsterete sterers 
Continuous reinforcement in highway 
pavements (55-42) 
SAD eg 325, Subcommittee VII Dec. 
—Dise. Bengt F. Friberg and Subcom- 
mittee June 1959 tooo cbse cccse eee ess 
Continuously reinforced pavements—Re- 
view (55-42) Dec. 1958 
Control of concrete mixes (55-61) 
—Edward A. Abdun-Nur and Joseph J. 
WadGell@ivianeelO59e rates ae eer 
—Disc. Bryant Mather, Lewis H. Tuthill, 
and Authors Part 2 Sept. 1959 
Control 
—Ready-mixed concrete—Procedure for 
inspection and approval of plant facil- 
ities (55-69) May 1959 
-Use of statistics (55-49) Jan. 1959 
Control joints—Reinforced in masonry 
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Curing compounds — Recommendations 
for use (55-9) Aug. 1958 
Curing temperature—Ideal 
1 


(55-9) Aug. 
Cylindrical shell analysis simplified by 
beam method (55-71) 


—James: Chinn May 1959.4 Jan...u teiereks os 
-Dise. Milo S. Ketchum, A. L. Parme 
and H. W. Conner, A. Siev, Anton 


Tedesko, Alfred Zweig, and Author 
Part, 2. DEG) 1959 © oxen wean calne a ees oa 
Cylindrical shells—Beam method of anal- 
ysis (55-71) May 1959 


D 


Day, K. W.—Disc. Specific surface of 
aggregates applied to mix proportion- 
ing (55-58) Part 2 Sept. 1959 

Davis, Harold S.—High-density concrete 
made with hydrous-iron aggregates 
(355-68) Apr. 1959 

Deflection 
-Folded slabs (55-29) Oct. 1958 ......... 
-Limitations when high-strength steel 
is used (55-75) June 1959 .............. 
-Precast floor and roof units—Recom- 
mended practice (55-4) July 1958 
~Precast girders (55-31) Oct. 1958 ..... 

Density—High—Use of hydrous-iron ag- 
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